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SUPPLEMENTO AL VOLUME IV, SERIE X N. 4, 1956 


DEL NUOVO CIMENTO 2° Semestre 


Parole di saluto. 


F. CARNELUTTI 


Presidente del Centro di Cultura e Civiltà 
della Fondazione « G. Cini» - Venezia 


Il Centro di Cultura e Civiltà della Fondazione « Giorgio Cini» non desi- 
dera essere ringraziato, ma al contrario ringrazia per aver avuto l’occasione 
di offrire ospitalità nella sua sede a una delle manifestazioni più importanti 
dello sforzo che mira a procurare agli uomini una più ampia e profonda cono- 
scenza della natura. Tale manifestazione ha il suo posto nel quadro dei mezzi 
idonei ad accrescere la civiltà la quale non è altro che la misura della loro 
capacità di vivere in pace. 

Noi non siamo di quelli che considerano i rapporti tra scienza e civiltà 
con un ottimismo superficiale. Al contrario noi pensiamo che la scienza, e in 
particolare la scienza della natura, non sia Vultima responsabile della crisi 
che, secondo l’unanime riconoscimento, la civiltà sta attraversando. Ci si può 
facilmente rendere conto che, fino ad un certo punto, quelle che si chiamano 
le vittorie dell’uomo sulla natura, hanno aperto le vie dell’orgoglio, che sta 
sempre in agguato nell’animo umano. E questo è il bacillo della crisi. Non 
sarebbe difficile dimostrare che proprio dalla scoperta della legge, che è un 
vanto della fisica, anzi di quella che allora si chiamava la fisica celeste, ha 
preso l’abbrivio quello slancio della filosofia, nella quale la crisi trova non 
tanto la causa quanto il sintomo manifesto. Ma non e’è miglior rimedio per 
combattere questo virus di quello che la scienza continui imperterrita la sua 
strada. La crisi, dopo tutto, è un fenomeno di adolescenza. È una mezza scienza 
quella che cagiona all’uomo l'illusione del dominio. Man mano che la scienza 
si dilata e si approfondisce, essa gli procura, accanto al sapere, quella forma 
superiore del sapere, che è il sapere del non sapere. Man mano che egli si im- 
merge nella scienza dell’universo non tanto si addensano intorno a lui le ombre 
quanto sempre più l’abbaglia la luce del mistero. 

Allora io penso che voi mi potete permettere di offrirvi quale augurio, anzi 
quale auspicio per i vostri lavori, il nostro emblema: San Giorgio, a cavallo, 
che trafigge il drago, è il simbolo della Scienza che, infaticata e infaticabile, 
consapevole che il suo traguardo non è Virraggiungibile verità, ma lo sforzo 
inesausto per raggiungerla, sgombra non tanto dall’ignoranza, quanto dalla 
superbia l’animo dell’uomo. 
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6 20 Semestre 
DEL NUOVO CIMENTO 


Discorso inaugurale. 


G. POLVANI 


Presidente della Società Italiana di Fisica 


Nella seduta inaugurale di un qualsiasi convegno scientifico — grosso 0 
piccolo che sia, nazionale o internazionale, di ampio o ristretto tema — tre 


sono in generale i punti che vengono trattati: si porge da parte dell’ospitante 
il benvenuto e Vaugurio all’ospite; si parla del convegno stesso definendone 
gli scopi, precisando la situazione delle conoscenze che si hanno circa Vargo- 
mento o gli argomenti che verranno trattati, presentando, per così dire, le 
« dramatis personae »; si entra infine nel vivo delle questioni scientifiche con 
una prolusione specifica che dia il via alle discussioni. 

Ora il primo punto voi avete sentito con quanta squisita cortesia sia stato 
svolto dal Presidente del Centro di Cultura e Civiltà della Fondazione Cini, 
il prof. CARNELUTTI, il quale ne ha tratto occasione per esprimere il suo giu- 
dizio — giusto giudizio — sulle finalità e possibilità della scienza. Al secondo 
punto si volgerà tra un momento il prof. GRAFFI, Presidente del nostro Con- 
vegno, parlando con tutta la perizia scientifica, che gli proviene dai suoi studi 
e dalle sue ricerche, e con tutta la conoscenza minuta della organizzazione del 
Convegno da lui pensata, diretta ed attuata. Al terzo punto infine provvederà 
il prof. KAHAN dell'Istituto Poincaré di Parigi, trattando il tema fondamen- 
tale della turbolescenza ionosferica e degli effetti che essa può produrre sulla 
propagazione delle onde elettromagnetiche. 

Francamente quindi non si vede — almeno a prima giunta — la necessità 
o l'opportunità che altri prenda la parola e s’inserisca, col suo dire, tra il Pre- 
sidente del Centro, il prof. CARNELUTTI e il Presidente del Convegno, il pro- 
fessor GRAFFI. 

Tuttavia mi si voglia da parte di tutti scusare per questa mia intromissione 
anche perchè la colpa non è tutta mia. Il prof. GRAFFI accolga il mio più vivo 
ringraziamento per avermi infatti pregato che anch’io pronunciassi — come si 
suol dire — due parole all’inaugurazione di questo Convegno; e più ancora 
per aver voluto reciprocamente accogliere la mia preghiera di cedere a me 
l’onore di esprimere per primo alla Città di Venezia, e per essa a lei Signor Sin- 
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daco, la viva gratitudine dei congressisti per la cortese gentile ospitalita con cui 
siamo stati accolti e i sensi di ammirazione per le bellezze che Vornano, la 
storia che la rendono preziosa, la vitalità che tuttora possiede; e ugualmente 
e ancora i sentimenti di ammirazione e di gratitudine che tutti i fisici italiani 
nutrono verso il Conte CINI: ammirazione e gratitudine per avere egli costi- 
tuito questa nobile Fondazione che, intitolata al nome del suo non dimenti- 
cato figlio, tanto onora e il fondatore e la città e tutto il nostro paese. 

Accanto a questi sentimenti che i fisici italiani, come studiosi e come ita- 
liani, indipendentemente dall'essere oggi qui ospiti insieme a colleghi stranieri, 
porgono al Conte, stanno i sentimenti, anch’essi di gratitudine, che tutti i 
partecipanti a questo Convegno rivolgono verso la Fondazione « Giorgio Cini » 
e particolarmente al suo Presidente prof. SPANIO e al suo Segretario generale, 
prof. BRANCA, e al segretario, sig. TONELLO, e verso il Centro di Cultura e Ci- 
viltà e al suo Presidente, prof. CARNELUTTI, per l’ospitalità generosamente 
concessa. 

Personalmente poi un grazie particolarmente caloroso desidero rivolgere 
ancora al Conte per il colloquio che mi concesse nel passato inverno e per la 
benevolenza con la quale mi ascoltò, ricevendomi nel suo studio, quando a lui 
parlai di questo Convegno. 

Ma il nostro debito di gratitudine non si arresta qui. La Società Italiana 
di Fisica è tutt'altro che ricca; e questo Convegno non si sarebbe potuto tenere 
se la Società Adriatica di Elettricità e la Fondazione « Bordoni » dell’Istituto 
Nazionale delle Telecomunicazioni non ci avessero aiutato: al Consigliere dele- 
gato amministratore della SADE, ing. MARIN, all’ing. ANTONELLO, prezioso 
demiurgo — dirò così — tra essa e noi, e al prof. GORI, Direttore dell’Isti- 
tuto delle Telecomunicazioni, giungano pertanto le nostre più vive e cordiali 
espressioni di gratitudine. 

Nè posso omettere di porgere pubblicamente a te, caro amico e collega, 
prof. GRAFFI, i ringraziamenti miei e dei partecipanti a questo Convegno per 
tutto quello che hai fatto per attuarlo e superare le difficoltà non piccole, 
scientifiche ed umane, incontrate. E voglio anche ricordare il tuo efficace col- 
laboratore, il tuo assistente il dott. CAPRIOLI; e qui, della sede, il dott. PILLI- 
NINI e l’avv. Rosso MAZZzINGHI per l’aiuto dato da loro alla preparazione del 
Convegno. 

Come spesso avviene in simili casi, può darsi che nel citare i nostri colla- 
boratori io abbia omesso qualcuno: se così fosse mi si voglia scusare e ascrivere 
l’omissione a involontaria dimenticanza, non certo a malvolere o disconoscenza. 


*o*o* 


Il mio dire potrebbe qui terminare; ma se Lei, prof. CARNELUTTI, che gen- 
tilmente ha accolto la nostra preghiera di presiedere questa prima parte della 
seduta, me lo permette, vorrei, mosso da quanto Ella ha detto nella sua breve, 
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ma densamente concettosa allocuzione, rispondere con una parola di assi- 
curazione. 

Ella ha accennato al problema morale imposto dalla conoscenza sempre 
più profonda e sicura delle leggi della Fisica: orbene chi soprattutto sente 
questo problema sono proprio i fisici; e più essi sono grandi e più lo sentono 
e lo considerano. 

Se una parola è stata detta contro i danni che l’orgoglio d’un sapere incom- 
piuto può portare, questa è stata detta per prima, ed è tuttora ripetuta, dai 
fisici. I quali — i più, i veri, direi — sapendo e misurando, oggi più che mai 
con retto giudizio, la sproporzione enorme che v’é tra ciò che si sa e ciò che 
resta da sapere, sono pervasi nel profondo del loro animo da un vivo senti- 
mento d’umiltà che li guida nello studio, nell’indagine, nella critica, nella 
scoperta. 

Essi possono sperare, e sperano, di potere domani dominare le più intense 
forze della natura; ma sanno anche che, purtroppo, nulla possono contro la 
volontà di quanti vivono nell’orgoglio e nella superbia. Per confondere costoro 
non v’è che isolarli nell’ignoranza. E quindi il compito del fisico è ancora lo 
studio, l'indagine, la critica, la scoperta. 

In questo quadro di nobile e disinteressata attività rientra il nostro Con- 
vegno: gli uomini che vi partecipano ne sono sicura garanzia. 

Con questa certezza e con questi sentimenti ho l’onore di dichiarare aperto 
il Convegno Internazionale sulla propagazione delle radioonde nella ionosfera. 


SUPPLEMENTO AL VOLUME IV. SERIE X Ne 4, 1956 
DEL NUOVO CIMENTO 20 Semestre 


Introduzione al Convegno. 


D. GRAFFI 


Presidente del Convegno 


In un discorso, tenuto nel 1926, in occasione del trentennio della Radio- 
telegrafia, GUGLIELMO MARCONI si esprimeva in questi termini: 

« Era stato obiettato che la curvatura della Terra avrebbe inesorabilmente 
impedito le comunicazioni a distanze superiori a poche decine di chilometri, 
ma a ciò non credevo e potei ben presto provare con esperienze condotte fra 
il capo Lizard e l’isola di Wight in Inghilterra che, attraverso una distanza di 
300 chilometri, in cui la curvatura terrestre interveniva assai sensibilmente, 
questa non costituiva alcun ostacolo alle trasmissioni radiotelegrafiche. 

«Fu allora affermato che le trasmissioni ad ancora più grande distanza 
rappresentavano il sogno di un visionario, ma dopo le esperienze da me ese- 
guite nel Dicembre 1901 fra l’Inghilterra e Terranova nel Nord America, du- 
rante le quali riuscii a comunicare perla prima volta attraverso l’oceano Atlan- 
tico, tutti cominciarono a convincersi che molto probabilmente non vi sarebbe 
più stata distanza al mondo che avesse potuto fermare la trasmissione delle 
onde elettriche » (+). 

Noi siamo ancora oggi meravigliati dell’intuizione e della genialità di MAR- 
CONI, tanto più che le difficoltà prospettate non erano affatto prive di fonda- 
mento. Infatti, si osservava, le onde elettromagnetiche a cui erano affidati i 
segnali da trasmettere non avrebbero superato di molto la curvatura terrestre 
perchè sarebbero rimaste assorbite o si sarebbero disperse nello spazio; calcoli 
matematici precisi confermavano e confermano tali previsioni. Gli è che in 
tutte quelle considerazioni e in tutti quei calcoli non si teneva conto che nel- 
l’alta atmosfera vi è una regione, formata da gas ionizzati, e perciò di com- 
portamento elettrico del tutto diverso da quello della bassa atmosfera. Ora 
è ben noto che tale regione, cioè la ionosfera, gode dell'importante proprietà 
di funzionare come uno specchio per le onde elettromagnetiche che altrimenti 


(1) Cfr. DL’ Elettrotecnica, 13, 437 (1926). 
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si disperderebbero nello spazio, a queste ultime infatti si deve la trasmissione 
a grande distanza; senza quel provvidenziale specchio la radio non avrebbe 
certamente l’importanza che ha raggiunto nella vita moderna. 

Della ionosfera (anche se non chiamata con questo nome, adottato proprio 
qui, in Venezia, nel 1938 in occasione del Congresso dell’Unione Radioscienti- 
fica internazionale) si parla da tempo; già nel 1882, BALFOUR STEWART, per 
spiegare alcune proprietà del magnetismo terrestre, aveva introdotto l’ipotesi 
di una regione ionizzata nell’alta atmosfera, ipotesi ripresa da KENNELLY e, 
indipendentemente, da HEAVISIDE nel 1902, poco dopo le prime esperienze di 
MARCONI sulla trasmissione a grande distanza, ma solo nel 1924 fu stabilita 
in modo sicuro la sua esistenza da Sir EDWARD APPLETON, ora Premio Nobel, 
cui impegni precedenti non hanno permesso di partecipare a questo nostro 
Convegno. In seguito le ricerche sulla ionosfera si sono moltiplicate molto rapi- 
damente, le pubblicazioni ad essa dedicate si contano già a migliaia e, buona 
parte, sono già coordinate in importanti trattati. Ciò nonostante numerosi ed 
affascinanti problemi rimangono aperti, ed è per questa ragione che quasi 
tuttii cultori italiani di studi sulla ionosfera e alcuni fra i più valenti cultori stra- 
nieri sono qui riuniti, sotto gli auspici della Società Italiana di Fisica, grazie ai 
munifici interventi dell’Istituto superiore delle Telecomunicazioni, della Società 
Adriatica di Elettricità, e alla signorile ospitalità offerta dalla Fondazione 
« Giorgio Cini ), per esporre e discutere i loro ultimi risultati e per uno scambio 
di idee che sarà certamente assai proficuo per le ricerche future. Mi si permetta 
ora di accennare brevemente gli argomenti che verranno esposti nel Convegno. 


La ionosfera verrà studiata da alcuni dei partecipanti da un punto di vista 
che può chiamarsi geofisico, cioè indagheranno la sua struttura, le sue cause, 
le sue proprietà, le sue relazioni con altri fenomeni terrestri e solari. Il pro- 
fessor CHAPMAN, della Royal Society di Londra, esporrà una sua teoria molto 
più perfezionata e completa di quella usuale, sulla conduttività della ionosfera. 
Il prof. ArGENCE, del Servizio militare ionosferico francese, esporrà alcune 
considerazioni sulla proprietà e sulla misura di una grandezza fondamentale 
per la ionosfera: il numero degli urti di un corpuscolo elettrico nell’unità di 
tempo. Il prof. NArsmITH di Slough (Inghilterra) e il prof. GERSON di Cam- 
bridge, Mass. (U.S.A.), ci diranno degli strati ionizzati dovuti, rispettivamente 
ai meteoriti e ai corpuscoli che dànno luogo alla aurora polare; il prof. RANZI, 
dell’Università di Firenze, parlerà di alcune proprietà della ionosfera osservate 
nell'America meridionale. Il dott. MARIANI, dell’Istituto Nazionale di Geo- 
fisica, esporrà uno studio sull’influenza della temperatura e della diffusione 
sulla ionizzazione dell’alta atmosfera. Il dott. DOMINICI, dello stesso Istituto, 
ci dirà di proprietà della ionosfera che si deducono da osservazioni fatte durante 


le eclissi solari e, in collaborazione con il dott. MARIANI, discuterà alcuni para- 
metri caratteristici della ionosfera. 
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Il dott. CuroLO, del Centro studi per la radiodiffusione e radiopropagazione 
di Napoli, parlerà di ricerche compiute assieme ai suoi collaboratori sulle fre- 
quenze utili durante l'eclissi solare. Il dott. NAPOLETANO, dello stesso Centro, 
accennerà ad una correlazione fra regione E e bassa atmosfera. 

Altri partecipanti al Convegno, si proporranno di mettere in luce le leggi 
con cui le radioonde si propagano nella ionosfera. Il prof. BREMMER, della 
Philips Company di Eindhoven (Olanda), istituirà un utile raffronto fra due 
diverse rappresentazioni della propagazione delle onde elettromagnetiche, il 
prof. ARGENCE, in collaborazione con il prof. RAWER di Friburgo (Germania), 
studierà la propagazione in un mezzo, come può ritenersi in prima approssi- 
mazione la ionosfera, isotropo assorbente e stratificato. Il prof. KAHAN, della 
Sorbona, ci riferirà sulla teoria delle fluttuazioni ionosferiche e della loro influenza 
sulla portata delle radioonde. Il prof. RAWER ci proverà come lo strato E può 
impedire la riflessione delle radioonde sullo strato F e come questo fenomeno, 
chiamato l’occultazione dei percorsi, può influenzare il valore delle frequenze 
utili per la trasmissione a grande distanza. Il prof. DIEMINGER, dell’ Univer- 
sità di G6ttingen, riferirà esperienze condotte con diverse frequenze per rice- 
vitori a differenti distanze, tendenti a stabilire relazioni fra raggi che entrano 
nella ionosfera con diverse incidenze. Il prof. CARRARA, dell’Università di 
Firenze, parlerà delle sue ricerche sull’assorbimento delle microonde da parte 
dell’ossigeno. 

Qui presente è il prof. BAILEy, dell’Università di Sidney, al quale si deve 
la spiegazione del singolare fenomeno dell’interazione delle radioonde per cui 
il programma di una stazione radio può trasferirsi su un’onda di un’altra 
stazione; egli ci parlerà delle sue ultime ricerche in proposito. Studiando l’inte- 
razione il dott. CuroLo ha messo in evidenza come una radioonda propagan- 
dosi può demodularsi egli e i suoi collaboratori BoRGHI, CACHON, IMMIRZI 
esporranno vari risultati su quest’ultimo fenomeno, mentre l’ing. CARLEVARO 
lo considererà dal lato teorico. 


Ma è ora di concludere. Le onde radio ci hanno rivelato proprietà dell’alta 
atmosfera, che trent'anni fa non erano neppure sospettate, sicchè oggi siamo 
in grado di studiarla anche per altra via, cioè con i missili o con quei satelliti 
artificiali alla cui realizzazione collabora, come hanno riferito i giornali, il 
prof. CHAPMAN qui presente. A questi metodi di ricerca si aggiungono le nostre 
conoscenze fisiche e matematiche che ci permettono di interpretare i risultati 
dell’esperienza, di formulare opportune ipotesi, di controllarle nelle loro con- 
sesuenze qualitative e quantitative. Così avanza la scienza e, se al suo progresso 
si accompagnerà un identico progresso dei valori morali e spirituali, la scienza 
si manifesterà a tutti qual’è veramente: una delle più alte e delle più nobili 
espressioni della mente umana. 


SUPPLEMENTO AL VOLUME IV, SERIE X N. & 1956 
90 Seme 
DEL NUOVO CIMENTO 2° Semestre 


Turbulence ionosphérique 
et propagation des ondes électromagnétiques. 


T. KAHAN 


Institut Henri Poincaré - Paris 


1. — Dans cette conférence d’ouverture je me propose d’exposer Pun des cha- 
pitres les plus modernes et les plus fascinants des recherches ionosphériques: la 
théorie de la turbulence ionosphérique. Elle met en jeu en effet un grand 
nombre de disciplines fort variées telles que la théorie moderne de la turbu- 
lence hydro- et aérodynamique, la théorie moderne des corrélations statisti- 
ques, la théorie de la diffusion des ondes électromagnétiques ainsi que la 
structure fine de l’ionosphère elle-méme. 

A l'origine des problèmes relatifs à la turbulence ionosphériques se trouve 
l’observation d’un nouveau mode de transmission de signaux radioélectriques 
à des distances de l’ordre de 1000 à 2000 km, sur des fréquences de l’ordre 
de 50 MHz. Ce nouveau type de propagation se trouve étre indépendant des 
saisons, de Vheure du jour et des perturbations géomagnétiques. Ces signaux 
s’observent lorsque toute autre forme de transmission ionosphérique est absente. 
Divers auteurs ont suggéré, a l'image de ce qui se passe en propagation tropo- 
sphérique, que ce nouveau type de propagation serait précisement dù a la tur- 
bulence ionosphérique de la couche E. 

L’ionosphere est en effet le siege, tout comme la plupart des fluides réels 
dans la nature, dun état turbulent permanent caractérisé par des mouve- 
ments tourbillonaires aléatoires dont le vent représente une sorte de valeur 
moyenne. L’énergie qui donne naissance a ces tourbillons provient vraisem- 
blablement des radiations solaires et du passage des météores qui donnent 
lieu è une ionisation correspondante. Cette turbulence donne naissance 4 des 
fluctuations dans le temps et dans espace de toutes les caractéristiques de 
l’ionosphère et, en particulier, 4 des fluctuations de la densité électronique, done 
en dernier ressort à des fluctuations de la constante diélectrique: c'est en cela 
que consiste précisément la turbulence ionosphérique. 


TURBULENCE IONOSPHERIQUE ET PROPAGATION DES ONDES ELECTROMAGNETIQUES 1353 


2. — Ceci posé, il est indispensable pour aborder la théorie de la turbulence 
ionosphérique d’analyser de plus près les phénomènes de la turbulence en 
général. Si le halo de mystére qui entoure le phénomène de turbulence n’a 
pas encore été entiérement dissipé, il a été néanmoins considérablement éclairci 
ces dernières années. Le nombre de problémes en physique où le mouvement 
turbulentiel joue un ròle va en croissant. L’échange de chaleur dans l’atmo- 
sphere, le scintillement de la lumière stellaire, la diffusion des substances radio- 
actives, les courants océaniques, le mouvement des nuages gazeux interstellaires 
et peut-étre jusqu’aux oscillations de plasma sont autant de phénomènes ot 
les caractéristiques de la turbulence interviennent. Il n’est pas surprenant 
que la turbulence soit onniprésente, car, dans toute matière sous forme liquide 
ou gazeuse, et pour tout nombre de Reynolds grand (ce qui est toujours le cas 
dans l’air et dans l’eau pour des mouvements plus étendus que l’échelle du 
laboratoire) il est inévitable que l’énergie cinétique de la matière se présente 
sous forme turbulentielle; tout autre forme de mouvement serait presque a 
coup sùr instable. 

La tendance moderne est de regarder en général le mouvement turbulentiel 
comme un système de mécanique statistique. Cette tendance se justifie par 
le fait qu’il existe certains traits statistiques communs a tous les types de 
turbulence. 

Imaginons, pour fixer les idées, un volume infini de fluide uniforme suscep- 
tible d’étre caractérisé de manière classique par une densité 9 et par des coeffi- 
cients de transport moléculaire tels que la viscosité 4. Ce volume de fluide peut 
étre le siege de différents modes de mouvement tels que ceux étudiés en hydrody- 
namique. Sous certaines conditions qui reviennent usuellement a imposer que le 
coefficient de viscosité cinématique v (= u/o) soit petit, quelques-uns de ces mou- 
vements sont tels que la vitesse en un point et à un instant donnés dans le 
sein du fluide ne se trouve pas étre la méme lorsqu’on la mesure a plusieurs 
reprises dans des conditions apparemment identiques. Dans ces types de mou- 
vement, la vitesse prend des valeurs aléatoires qui ne sont pas déterminés 
par les données du flux visible ou contròlable ou « macroscopique » bien que 
Von ait l’impression que les propriétés moyennes du mouvement soient définies 
uniquement par ces données. Des mouvements fluctuants de ce type sont dits 
turbulents. La turbulence est dite homogène quand les propriétés moyennes 
sont indépendantes de la position dans le fluide. Le probléme qui se pose dès 
lors est de comprendre le mécanisme et de déterminer analytiquement les 
propriétés moyennes de ces types de mouvement. 

Voici comment on arrive à la notion d’èchelle de turbulence. Proposons-nous, 
avec J. BASS, de mesurer, en un point donné, la vitesse d’un écoulement per- 
manent et uniforme A l’échelle macroscopique usuelle, è l’aide d’un instrument 
de mesure tel qu’un anémomètre (enregistreur de la vitesse du vent) ayant 
des dimensions et une constante de temps déterminés et d’une nature assez 
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idéale pour ne pas perturber l’écoulement par sa présence. Si cet anémometre 
est suffisamment grand, il mesurera la vitesse d’ensemble du fluide. S’il est 
extromement petit, on peut imaginer qu’il fonctionne d’une facon discontinue, 
ne subissant jamais l’influence de plus d’une molécule a la fois. Entre ces deux 
extrémes, les indications de Panémomètre dépendront de la structure du fluide. 
Il peut arriver exceptionnellement que, lorsqu’on diminue progressivement ses 
dimensions, la vitesse qu'il indique reste immuable, jusqu’au moment ou 
Vinfluence individuelle des molécules commence a se faire sentir et où les indi- 
cations perdent toute signification statistique. On dit alors que l’écoulement 
est laminaire. Mais, en général, les choses se passent autrement. Partons d’un 
premier anémométre qui, par ses dimensions, nous fixe une certaine échelle 
de mesure. Cet anémometre mesurerà la vitesse moyenne des molécules, dans 
un certain volume V. Remplacons-le successivement par des anémometres plus 
petits de telle facon que V diminue progressivement. Il arrive que, a partir 
d’une certaine valeur V, de V, Vindication numérique fournie par Vanémo- 
métre change. Si l’on continue a diminuer V, la nouvelle indication reste stable 
jusqu’a une certaine valeur V, puis change à nouveau, et ainsi de suite. Les 
intervalles (V,, V.), (V2, Va)... caractèrisent les diverses échelles de turbulence 
et Von dit que le mouvement du fluide est turbulent. La turbulence implique 
done la notion d’échelle. 


3. — Equations de Navier (-Stokes). 


Si le fluide est en mouvement macroscopique, il convient de définir sa 
vitesse d’ensemble dans le système des variables d’Euler, c’est-à-dire au voisi- 
nage d’un point fixe arbitrairement donné. Dans ce système, la forme la plus 
générale des équations d’un fluide est, en l’absence d’une force extérieure: 


A ay 
(1) Lo Vie 


ot 0 ON, 


v étant la vitesse de la « particule» qui passe a Vinstant t au voisinage du 
point de coordonées r(a,, %2, 73), et le tenseur symétrique 7,, étant le tenseur 
des tensions. Cette particule assez mal définie est un ensemble de molécules 
contenant suffisamment d’éléments pour que la moyenne de leurs vitesses ait 
une signification statistique, mais sous un volume suffisamment petit par rap- 
port au volume occupé par le fluide, pour qu’on puisse assimiler son mouve- 
ment à celui de son barycentre. 
A ces trois équations (1) il s’ajoute ’équation de continuité 
e) 


9 KY rs 
(2) a + Vou) = 90, 
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et, eventuellement, des équations physiques contenant la température et d’autres 


paramètres physiques. 
Dans un fluide en équilibre, les tenseurs se réduisent A une simple pression 


(3) Tix = Pix . 
La viscosité, sous la forme des tenseurs obliques, naît du mouvement. 


On fait Phypothése que la vitesse intervient par Vintermédiaire du tenseur 
des vitesses de déformation (0v;/0x,) +(©v,/0x;), et que les relations entre les 


deux tenseurs sont linéaires. Si le fluide est incompressible (+) 
(4) divy = V-» =0, 
et les équations du mouvement deviennent 


cv 


— 
Ou 
— 


3 + (0:V)vo = — - Vp + Vv, 
où V est l’opérateur grad (?). 

Le seul parametre qui figure dans (5) est la viscosité v. Si lon exprime 
les longueurs par une unité L, le temps par une unité 7, et la vitesse par une 
mite. =i} 10 et si Von poset = 170 =0'V = LT, N= VIE, w= pV, 
où t’, v’ et p’ sont maintenant des grandeurs sans dimension, (5) se trans- 
forme en 

ov’ 1 
(6) — + (v'Vi)o' =—V'p'+ — V0’, 

lo) Ji, 
où Re = oVL/u = VL/y est un nombre sans dimensions dit nombre de Rey- 
nolds. (6) conduit aux lois dites de similitude en hydrodynamique. 

Les équations (4) et (5) admettent de nombreuses solutions différentes 
dont chacune décrit un champ de flux. Bornons-nous è une certaine classe de 
solutions présentant une variation aléatoire de vitesses par rapport au temps t 
et par rapport a la variable de position r. Le terme « aléatoire » fournit une 
description nécessaire et suffisante du mouvement turbulentiel. Néanmoins 
il n’est pas aisé de donner une définition précise d’une variation aléatoire de 


(1) Les variations de densité se trouvent liées au rapport d’une vitesse de fluide 
typique (telle que la vitesse efficace) à la vitesse moyenne du son dans le fluide. Lorsque 
ce rapport est faible devant l’unité, les variations de densité sont négligeables et le 


fluide se comporte comme s‘il était incompressible. 


È 3 “Ve : i 
(2) (0-9) = (in + jo, they (tS 4 FE + AZ 
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la vitesse. On fait nécessairement appel a Vidée d’un ensemble statistique de 
solutions qui toutes vérifient les conditions initiales et les conditions aux limites. 
données. Cet ensemble statistique définit la probabilité de trouver v(r, t) compris 
entre des limites données en méme temps qu’il définit la connexion statistique 
entre les vitesses du fluide en des points et è des instants différents. En d’autres. 
termes, on supposera à titre de définition de la turbulence, que si les données 
du problème, c’est-à-dire les équations de base et les conditions initiales et 
aux limites données ne suffisent pas à déterminer v comme fonction de r 
et t, elles suffisent néanmoins 4 déterminer les lois de probabilité qui dé- 
crivent les valeurs de v. Ainsi si l’expérience qui revient a produire le champ 
de flux avec les conditions initiales et aux limites requises, était effectuée de 
nombreuses fois, chaque expérience fournissant une « réalisation » du champ 
de flux, on trouverait que la valeur de v, pour des valeurs données de r et t, 
varierait d’une expérience à l’autre et le collectif des valeurs, de r définirait. 
asymptotiquement la distribution de probabilité de v(r, t). 

Le champ de vitesse est bien entendu complètement déterminé lorsque 
Von a à sa disposition un nombre de renseignements suffisant. L’insuffisance 
précédente des données tient à ce que nous sommes obligés de négliger les. 
faibles perturbations dans les conditions initiales et aux limites qui échappent 
au controle expérimental et qui varient d’une expérience a l’autre (8). 

Comme on ne peut pas se rendre maître de ces perturbations, on les appelle 
« aléatoires » et on renonce à calculer en détail la turbulence. Heureusement, 
l’observation montre que les lois de probabilité décrivant la turbulence sont: 
indépendantes des petites perturbations extérieures qui donnent naissance a. 
la turbulence et ne dépendent que des données spécifiées du probleme. Ce fait 
remarquable montre qu’on peut ne pas tenir compte des perturbations exté- 
rieures et qu’on peut porter son attention sur la découverte des lois de proba- 
bilité de la turbulence comme une fonction univoque des conditions initiales. 
et aux limites du probleme. Notre probleme s’énoncera dès lors ainsi: 

Etant donné un fluide dont le mouvement est régi par les équations (4): 
et (5), et étant donné que le fluide est mis en mouvement turbulentiel déter- 
miné statistiquement par les conditions initiales et aux limites ainsi que par (4) 


et (5), trouver les lois de probabilité décrivant la turbulence ainsi que sa va- 
riation avec le temps. 


(°) L'idée d’agitation irréguliére en un point en fonction du temps n’est pas suf- 
fisante en elle-méme. Elle permet en effet de distinguer l’agitation turbulente de l’agi- 
tation sonore périodique (son musical), mais pas du bruit qui est une agitation sans 
période définie; ce qui distingue le bruit de la turbulence c’est quil se propage pai 
ondes, qwil existe des surfaces équiphases et par suite une répartition spatiale réguliére: 
malgré l’irrégularité dans le temps de la vitesse locale. Chaque composante de la vitesse 


turbulente v(r, t) est une fonction irréguliérement périodique A la fois de YV espace 7° 
et du temps t. 
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Quelle forme vont revétir les lois de probabilité? On fait appel ici a la théorie 
mathématique des fonctions aléatoires dans laquelle une fonction aléatoire 
v(r,t) est complètement déterminée statistiquement en se donnant un en- 
semble de distribution de probabilités liées des valeurs de wv pour n paires 
quelconques de valeurs de r et t, c’est-à-dire pour l’ensemble de toutes les 
valeurs moyennes de produits qu’on peut former avec les valeurs de v en des 
points et à des instants différents. 


4. — Valeurs moyennes et statistiques. 


Proposons-nous de mesurer, sur la Fig. 1 qui donne l’allure dans le temps 
d’une composante v de la vitesse turbulente, la vitesse moyenne. La méthode 
la plus naturelle consiste a former l’in- 
tégrale ordinaire 


Tr Via 
One r. 
(7) Om = Th v(t) di, vi 
ò 
v 
étendue a la durée 7 de l’enregistre- 
ment. Cette méthode est en général peu € 
satisfaisante, car l’opération manque Fig. 1. 


de précision dès que la courbe v(t) est 
compliquée. Un procédé plus précis consiste à découper le graphique par des 
paralléles à l’axe des t, convenablement rapprochées, d’ordonnées v,, 03, Vs, ..., 
à mesurer le nombre n, de points où la droite d’ordonnée 4(0;+;4,) rencontre 
la courbe v(t) et a calculer la quantité 


a ni 
(8) DIE 


i 


n= > n; étant le nombre total de points rencontrés par toutes les paralleles. 


Or, pour ce calcul, on peut utiliser une première étape qui consiste à construire 
le graphique donnant, pour chaque vitesse v,, la fréquence statistique f;=n,/n 
correspondante. Un passage a la limite évident permet de tracer une courbe 
de fréquence f(v) telle que la proportion des valeurs de la vitesse comprise 


entre v et v+dv soit égale a f(v)dv, Vintégrale | f(v) dv qui remplace ¥ n,/n, 
0 


étant égale à 1. L’expression définitive de v est alors 


(9) v = fim ao ; 
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permettent de remplacer v, par 0 correspondent & des opérations mathéma- 
tiques classiques: le mode de calcul de © est celui dune intégrale de Lebesgue, 
et »,, est une intégrale du type de Riemann. 

A partir de la fonetion f(v) on peut calculer d’autres moyennes. On peut, 
par exemple, chiffrer l’amplitude des écarts de la vitesse par rapport à sa valeur 
moyenne en calculant la valeur moyenne de (v — ©). Plutot que de définir 


Elle remplace (8) et doit étre comparée a (7). Les opérations pratiques qui 


cette moyenne par l’intégrale de Riemann 


TF 
r 


(10) > [e — 09.2 dE , 


0 
il est plus simple et plus précis d’utiliser la formule: 


+ o 


(11) (v— ov)? = Ic — v)*f(v) dv, 


—_ o 


qui une fois la courbe f(v) tracée, ne fait plus appel qu’a des opérations de 
nature simple. Ceci montre combien la construction de la courbe f(v) simplifie 
les calculs numériques relatifs a la turbulence. 


5. — Décomposition spectrale de la vitesse. 


Ceci posé, nous avons vu que la courbe representative d’une composante 
v(t) de la vitesse turbulente en fonction du temps suggére l’idée d’un phéno- 
méne périodique irrégulier. La représentation analytique de v(t) n’est pas une 
série de Fourier périodique, mais plutòt une série presque périodique ou une 
intégrale de Fourier. Dans le premier cas, v(t) est une somme d’harmoniques 
sans période de base commune, soit en adoptant la notation complexe 


+ 
(12) v(t) = > A, exp[io,t], 

- 
les pulsations m, forment une suite de nombres réels croissants avec n. On 
peut toujours supposer que ©_,= — @,:®(t) est bien une grandeur réelle si 
A_,= A, la notation A* désignant l’imaginarie conjuguée de A. La série 
| A, doit étre convergente. Dans le second cas 


+0 


(13) (i) fat exp|[iwt]d, 


SRO: 
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la fonction A(m) étant absolument sommable et telle que A(—w) = A*(@). 
Les nombres A, ou la fonction A(w) dépendent de la position de l’appareil 
enregistreur de la turbulence. Cette représentation est utile lorsque la turbu- 
lence est stationnaire dans le temps, ce qui permet d’appliquer en toute rigueur 
le principe ergodique (4), et de calculer les moyennes attachées a v(t) sur un 
intervalle de temps aussi grand qu’on le désire. 

Ceci étant, l’idée qui est a la base de toutes les théories de la turbulence 
est que celle-ci résulte de la superposition d’un grand nombre de composantes 
turbulentes qui different les unes des autres par leur échelle qui a la dimension 
d’une longueur et qui est associée aux dimensions du tourbillon: elle peut étre 
concue comme la grosseur moyenne d’un tourbillon. 

Or l’équation du mouvement (5) n’étant pas linéaire il en résulte que les 
diverses composantes du mouvement interagissent, et on attribue les pro- 
priétés observées de la turbulence au résultat statistique de cette interaction. 
Si cette conception de la turbulence ne conduit pas par elle-méme immédia- 
tement a des résultats, elle présente l’avantage indéniable de faire appel a des 
idées intuitives sur le comportement de systemes dynamiques avec de nom- 
breux degrés de liberté. 

La décomposition de la turbulence en un grand nombre de mouvements 
composants se réduit a la décomposition de la distribution instantanée des 
vitesses en modes orthogonaux compatibles avec les conditions aux limites. 
Tout comme la distribution instantanée de vitesse sur une corde élastique 
tendue entre deux points distants de / peut étre concue comme la somme 
des composantes d’une série de Fourier qui fournissent des contributions addi- 
tives à l’énergie cinétique, la longueur d’onde fondamentale étant 21, la distri- 
bution instantanée de la vitesse du fluide sur un champ tridimensionnel peut 
étre considérée comme la somme des composantes d’une série triple de Fourier. 
Si le champ s’étend 4 Vinfini, la série correspondante devient une intégrale 
et si les frontières ont une forme curviligne, une autre suite de fonctions 
orthogonales, telle que les fonctions de Bessel, ou les fonctions sphériques, ete., 
sont aptes a représenter la situation physique. Remarquons, sans entrer dans 
les finesses mathématiques du probleme, qu’on pourra toujours utiliser une 
décomposition de la forme générale 


(15) vir) = Jaw exp[ik-r]dk, 


où l’intégration s’étend sur tout l’espace k; bien que les coefficients vectoriels 
A(k) divergent dans certains cas, on peut utiliser la fonction sans risque 


(4) C’est-à-dire l’égalité des moyennes de phase et de temps. 


87 - Supplemento al Nuovo Cimento. 
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grave de se tromper. Or 


A(k) exp [ik-r)dk 


est la contribution è la vitesse de l’élément de volume dk de l’espace des 
nombres d’ondes k; ce sera la composante typique de la turbulence et elle 
représentera une distribution de vitesses sinusoidales avec la longueur donde 
Qn/k (k =|k|), qui est la mesure de l’échelle de longueur de la composante 
turbulentielle. L’équation de continuité (4) impose 


(16) k= A(k) = 05 


de sorte que les mouvements correspondants sont des « ondes sinusoidales » 
avec une vitesse paralléle à A(k) et avec une variation spatiale dans la di- 
rection du nombre d’onde k. Remarquons que ces « ondes », contrairement è 
celles qui se propagent par exemple sur une corde tendue, ne se propagent 
pas, en raison de la forme différente de l’équation. Le carré du coefficient de 
Fourier A(k) est proportionnel à la quantité d’énergie cinétique associée a la 
composante de Fourier du nombre d’onde k; c’est aussi la contribution que 
la composante apporte a l’énergie cinétique de la turbulence. L’analyse de 
Fourier du champ de vitesse instantanée fournit de la sorte une distribution 
spectrale d’énergie cinétique; comme la grandeur A(k) est fluctuante — c’est- 
a-dire qu'elle est différente pour des réalisations différentes du champ de vi- 
tesses — on prendra la moyenne pour obtenir finalement 4?(k) comme me- 
sure de la distribution, dans Pespace des nombres d’onde, de la densité des 
contributions a l’énergie cinétique de la turbulence. 

Si, jusqu’ici, l’idée de l’analyse de Fourier du champ de vitesses ne diffère 
pas essentiellement de l’analyse de Fourier de la lumière blanche ou du bruit 
électronique, l’équation fondamentale (5) qui décrit la relation entre les distri- 
butions spatiales de vitesse & des instants différents introduit des différences 
essentielles. On obtient la vitesse de variation du coefficient de Fourier A(k) 
en portant (15) dans (5) et en éliminant le terme de pression 4 l’aide de (4): 


è 


(17) i frana k) jh A(h) rs Atk dk'— vk? A(k) . 


Le second terme du second membre dù a l’effet de viscosité représente une 
action linéaire d’amortissement comme il fallait s’y attendre, et montre que 
la dissipation d’énergie est relativement plus rapide pour les composantes de 


petite échelle (XK <, 1/K >) que pour les composantes de grande échelle 
(k>, L/k =) ‘ $ 
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D’autre part, le premier terme du second membre, da aux forces d’inertie 
et de pression, n’est pas linéaire et met en évidence une interaction incessante, 
ou modulation, entre les diverses composantes de Fourier. La variation de 
Pénergie d’une composante de Fourier quelconque est donnée par 


(18) O ag JE R'-A*(K— R)A*(k)-A(k") + 


Di 


+ k'- A(k'— k)A(k')A*(k'))dk'- 2vk?A(k)- A*(k) , 


ce qui montre que l’interaction conduit en général A un transfert d’énergie 
entre deux composantes quelconques. C’est précisément cette interaction ciné- 
tique entre les composantes qui est le principal obstacle 4 la solution du pro- 
bleme de la turbulence. Sauf dans quelques cas simples de mouvement lami- 
naire, la solution de (17) ne semble point étre a notre portée pas plus qu’une 
solution de (5) et l’objet des théories de la turbulence revient précisément et 
essentiellement a introduire des hypothèses qui permettent d’évaluer quan- 
titativement l’interaction entre les composantes dans des cas bien limités. 

Si lon assimile la turbulence è un système dynamique de caractère sta- 
tistique où les composantes de Fourier joueraient le ròle des degrés de liberté, 
Véquation (17) devient le pendant d’une loi de « collision ». L’excitation d’un 
degré de liberté quelconque conduit en général à excitation de tous les autres 
degrés de liberté, excitation limitée seulement par l’action amortissante de la 
viscosité. En raison de l’existence de cette dissipation, il ne se produit pas 
d’équipartition de l’énergie parmi ces divers degrés de liberté. 

Tout comme dans (5) le seul paramètre qui figure dans (17) est la visco- 
sité v ou bien, si l’on veut, en introduisant des grandeurs sans dimension è 
l’aide d’une vitesse V et d’une longueur L de référence, c'est le nombre de 
Reynolds Re = VL/». 

Tl convient de prévoir une turbulence différente pour chaque nombre de 
Reynolds différent. Du fait que v figure dans (18) par le produit vk?, Peffet 
des forces de viscosité sera toujours prédominant pour des composantes de 
Fourier ayant des nombres donde % suffisamment élevés, mais la région où 
la viscosité produit une interaction forte se déplacera vers les grandes valeurs 
de k è mesure que le nombre de Reynolds croitra, c’est-a-dire a mesure que v 
décroitra. Pour les nombres d’ondes petits, dans la vitesse de variation 
0A(k)/ot de la composate A(k), c’est Veffet d’inertie qui prévaut en vertu 
de (17). Ainsi donc cette partie du système dynamique n’est pas dissipative, 
mais elle n’est pas close, et il se produira en général un flux statistique, un 
échange privilégié d’énergie vers la’ partie de l’espace du nombre d’onde où 
l’énergie est absorbée par viscosité. Prenons le cas limite simple de Re = co 
ou v = 0. La région de l’espace des k où l’amortissement visqueux joue est 
alors déplacé vers k = co et toute l’énergie finira par étre pompée par effet 
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d’inertie hors de la région où % est fini. Ce cas simple où agissent des forces 
d’inertie seules, sauf pour k = oo, se prète fort bien a lutilisation d’hypo- 
thèses intuitives sur Vinteraction entre les diverses composantes. On peut dès 
lors présumer que le spectre d’énergie de la turbulence présentera une forme 
pour les petites valeurs de k qui sera fortement influencée par les conditions 
aux limites, et que pour les plus grandes valeurs de k Vintensité spectrale 
décroitra lorsque k croît, dune fagon qui sera régie par Véchange d’énergie 
inertielle. Pour un nombre de Reynolds infini, cette chute continue jusqu’a 
k = co, mais pour les nombres de Reynolds finis on atteindra une valeur de k 
où Veffet d’amortissement visqueux deviendra sensible et le spectre tendra 
vers zéro beaucoup plus rapidement au voisinage de ce nombre d’onde. 

L’effet des forces d’inertie est donc d’exciter et de transférer de l’énergie 
à autant de composantes de Fourier qu'il est compatible avec l’effet d’amor- 
tissement de la viscosité. Supposons alors que l’échelle de longueurs repré- 
sentative des frontières soit L. En général ce sera aussi l’échelle des longueurs 
des composantes de Fourier de la turbulence qui sont directement excitées 
par l’action des frontières. Ainsi, par exemple, lorsqu’un flnide passe sous 
pression à travers un tube de diamètre L, les composantes de Fourier de la 
distribution des vitesses qui sont directement influencées par les conditions 
aux frontières auront des nombres d’onde qui seront de l’ordre de grandeur 
de 1/L. Une fois ces composantes de la turbulence excitées, les forces d’inertie 
entrent en jeu pour étaler l’énergie sur un intervalle de spectre plus étendu 
et pour la transférer de la sorte a des nombres d’ondes plus grands. Ainsi qu’il 
a été expliqué précédemment, cette tendance ne sera contrariée que si l’énergie 
atteint des nombres d’onde qui sont si grands que l’amortissement visqueux 
devient appréciable. 

Si maintenant on se propose d’isoler certaines parties d’un système dyna- 
mique, en vue d’acquérir par là une intelligence limitée du mouvement, il 
sera utile d’envisager les composantes de Fourier ayant des nombres d’ondes 
qui sont grands comparés a 1/L puisque ces composantes s’excitent par l’action 
des forces d’inertie seules et ne sont pas assujetties a l'action directe des 
frontières. Si, comme cela parait probable, l’influence des conditions aux fron- 
tiéres se perd progressivement au cours du processus statistique du transfert 
d’énergie aux nombres d’onde plus grands — ce qui correspond è Vidée intui- 
tive qu’un transfert statistique doit s’accompagner dune perte d’information, 
c'est Phypothése du désordre de v. Weizsicker — la turbulence due aux com- 
postantes de Fourier de nombre d’onde suffisamment grand sera statisti- 
quement indépendante des conditions anx limites ainsi que de la source de 
l’énergie cinétique. Cette région du spectre devrait done correspondre a un 
problème relativement simple qui ne serait pas compliqué par la donnée de 
la forme et de l’état de mouvement exacts des frontières. Les composantes 
de Fourier avec des nombres d’onde % tels que k > 1/L font Vobiet de la 
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théorie dite de la similitude ou de l’équilibre universel (KOLMOGOROFF, OBUK- 
HOFF, ONSAGER, V. WEIZSACKER, etc.) (5). 

Il est nécessaire que le nombre d’onde (appelons le 1 /n, n étant une lon- 
gueur caractéristique des plus petits tourbillons — mouvements composants — 
existants dans la turbulence) pour lequel l’amortissement visqueux produit 
une décroissance rapide dans la distribution spectrale de l’énergie, vérifie 
également cette condition, car autrement les composantes de Fourier aux- 
quelles s’applique l’hypothèse du désordre ne s’exciteraient pas. Comme, ainsi 
que Von l'a vu plus haut, l’accroissement du nombre de Reynolds VL/v a pour 
effet de diminuer 7, il convient de restreindre notre discussion aux cas de la 
turbulence pour lesquels Re = VL/v est si grand que 


(19) ndo, 


c’est-à-dire que les tourbillons les plus petits de la turbulence soient très petits 
comparés aux tourbillons les plus grands. 

De manière générale, dans l’état turbulent, les grandeurs statistiques qui 
décrivent le mouvement telles que vitesse quadratique moyenne, ete., varient 
d’un point a l’autre au sein du fluide. L’échelle de cette non uniformité est 
déterminée par la géométrie des frontières et, en général, elle est de l’ordre 
de grandeur de L. Il s’ensuit que la variation des grandeurs statistiques dans 
une région dont les dimensions linéaires sont petites comparées a L est négli- 
geable et on peut considérer la turbulence comme étant homogène dans l'espace 
a l’intérieur de cette région. Si lon analyse la distribution des fluctuations 
de vitesses autour de la moyenne spatiale, dans cette région, on obtient une 
suite de coefficients de Fourier qui ont une signification locale et dont chacun 
correspond a des nombres d’onde grands par rapport a 1/L. 

Tout ce qui a été dit jusqu’a présent des coefficients de Fourier a grand 
nombres d’onde s’applique è un champ de vitesse local ou à tout le champ, 
mais il est plus commode de porter maintenant notre attention sur les coefficients 
de Fourier de grand nombre d’onde de la distribution de vitesse au voisinage 
d’un point arbitraire dans le fluide. De méme, la turbulence peut étre consi- 
dérée comme statistiquement uniforme sur de faibles intervalles de temps. 
Avec Vhypothése (faible) que les coefficients de Fourier de faible échelle pos- 
sèdent des temps caractéristiques relativement faibles — c’est-a-dire que les 
petits tourbillons ont de faibles périodes — on voit que les composantes de 
Fourier de faible échelle ne seront pas affectées par les variations lentes dans 
le temps des grandeurs moyennes décrivant la turbulence et ne dépendront 


(5) L’interprétation numerique du signe > depend de la rapidité avec laquelle 
l’influence des conditions aux frontières s’amortit dans le processus de transfert d’énergie 


a travers le spectre. 
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que de leur valeur instantanée. Dynamiquement parlant, on peut dire que 
les degrés de liberté correspondant 4 des grandes valeurs de k sont toujours 
en équilibre statistique en raison de leur réponse rapide a des conditions exté- 
rieures. Les composantes de plus petit k cédent de l’énergie, mais cette énergie 
est perdue à son tour par transfert à des composantes ayant de plus grands 
nombre d’onde — et peut-étre par dissipation — avec une vitesse égale. 

On parvient ainsi à cette conclusion utile que lorsque le nombre de Reynolds 
est tel que la condition (19) se trouve vérifiée, les coefficients de Fourier — de 
la distribution des vitesses en un point quelconque — appartenant a des 
nombre d’ondes k > 1/L, sont statistiquement indépendantes des conditions 
aux limites et sont déterminés par les propriétés moyennes locales dans l'espace 
et dans le temps de la turbulence. 

Remarquons en particulier que les propriétés directionnelles imposées a la 
turbulence prise dans son ensemble par les conditions aux frontières ne peuvent 
pas étre transmises aux composantes de petite échelle, d’après l’hypothèse du 
désordre, de sorte que le mouvement associé à ces composantes de petite 
échelle doit étre statistiquement isotrope. L’on aura donc affaire a une tur- 
bulence homogène, stationnaire et isotrope. 

Le raisonnement peut maintenant se retourner et on peut définir les gran- 
deurs dont dépendent les composantes de Fourier de petite échelle. Ces com- 
posantes de petite échelle (que nous désignerons avec BATCHELOR sous le nom 
d’intervalle d’équilibre des nombres d’ondes) doivent leur excitation au trans- 
fert inertiel d’énergie provenant des composantes de grande échelle de la tur- 
bulence et l’intensité de cette excitation dépendra naturellement de la vitesse 
avec laquelle ce transfert d’énergie a lieu. 

En raison du fait que toute la dissipation visqueuse a lieu dans l’inter- 
valle d’équilibre — c’est là la signification de la condition (19) imposée au 
nombre de Reynolds — la vitesse de transfert d’énergie des composantes de 
grande échelle aux composantes comprises dans l’intervalle d’équilibre doit 
étre égale & la vitesse de dissipation d’énergie e. Cette grandeur e doit étre 
locale dans l'espace, et seul le temps parait étre nécessaire pour exprimer 
Vinfluence du champ de turbulence pris dans son ensemble sur l’intervalle 
@équilibre des composantes de Fourier au voisinage d’un point quelconque 
dans le fluide. 

Une fois la valeur locale de e spécifiée, les composantes de petite vitesse 
s’ajustent d’abord pour recevoir de l’énergie A cette vitesse et ensuite pour la 
dissiper. Le mécanisme du processus de dissipation dépendra bien entendu 
de la valeur de v. Abstraction faite de la dépendance de ces deux paramétres £ 
et v, le mouvement associé & l’intervalle d’équilibre des nombres d’onde 
— c'est-à-dire le mouvement relatif au voisinage de tout point — sera statis- 
tiquement universel. La est la prévision majeure de la théorie. 


Lorsque le nombre de Reynolds est supérieur par un ordre de grandeur a 
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celui qui est nécessaire pour que les remarques précédentes puissent s’appliquer, 
on peut pousser la théorie plus loin. Le plus petit nombre d’onde dans l’inter- 
valle d’équilibre est vraisemblablement déterminé par les détails du processus 
de désordre qui accompagne le transfert d’énergie & travers le spectre, et il 
est indépendant du nombre de Reynolds. L’accroissement du nombre de 
Reynolds entraîne un accroissement du nombre d’onde (à savoir 1/7) maximum 
dans l’intervalle d’équilibre, et par conséquent, un accroissement correspondant 
de l’étendue de l’intervalle d’équilibre. Lorsque le nombre de Reynolds est 
sì grand que les coefficients de Fourier 4 l’une des extrémités de l’intervalle 
d’équilibre sont statistiquement indépendants de ceux de l’autre extrémité, 
la condition pour qu’il en soit ainsi est qu'il soit possible de trouver des nombres 
d’ondes & tels que 


(20) be < b<elins 


les coefficients de Fourier des nombres d’ondes les plus petits ne seront plus 
influencés par la dissipation visqueuse et ne dépendront pas du paramétre v. 
Le flux statistique d’énergie vers une partie quelconque de ce sous-intervalle 
d’inertie provenant des nombres d’ondes plus petits est composé par un flux 
s’effectuant vers des nombres d’onde plus élevés à une vitesse e égale; et le 
mouvement associé au sous-intervalle est uniquement déterminé statistique- 
ment par unique paramètre e. 

Toute valeur moyenne déterminée par la composante de Fourier de l’inter- 
valle d’équilibre doit dès lors présenter une forme isotrope déterminée uni- 
quement par les paramètres e (dimensions: L?7'*) et v (dimensions: L?7~?). 
Ainsi par exemple, la densité spatiale relative au nombre d’onde k, d’énergie 
cinétique H(k) constituerà dans les portions de l’espace k correspondant a 
Vintervalle d’équilibre une telle valeur moyenne et sera justifiable de la théorie. 
Des arguments dimensionnels montrent que H(k) revétira en fonction de e 
et v la forme suivante 


(21) E(k) = e*v*G(ky*/e*) , 


G étant une fonction de forme universelle et indéterminée. (21) s’applique 
à des valeurs de & satisfaisant à k>>1/L, indépendamment des propriétés 
à grande échelle de la turbulence pourvu que la condition n < L soit vérifiée. 

Remarquons que la longueur 7 qui mesure l’échelle des tourbillons les plus 
petits existants doit étre de l’ordre de grandeur de (v3/e)*, car aucune autre 
longueur caractéristique ne saurait exister dans l’intervalle d’équilibre. Comme 7 
n’est défini que par son ordre de grandeur, on peut écrire 


(22) i = (Bie)? 
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de sorte que (21) devient 


(23) F(k) = e*y*G(kn) , 


pourvu que k > 1/L et pourvu que le nombre de Reynolds soit tel que la 
condition 


(24) In=Ley*>1. 


soit vérifiée. 


6. — Fluctuations de densité dans la turbulence homogéne. 


Ces généralités étant posées, recherchons les lois qui vont gouverner la 
turbulence ionosphérique. Les ondes électromagnétiques étant censées étre dif- 
fusées par les fluctuations aléatoires de indice de réfraction, nous nous propo- 
sons de calculer la diffusion des ondes élémentaires pour ces fluctuations aléa- 
toires dues aux perturbations ionosphériques turbulentes. Nous verrons par 
la suite que, dans certaines conditions, la diffusion produite par ces fluctuations 
peut s’exprimer en fonction d’un seul paramètre, l’énergie turbulente dissipée 
par cm? par seconde et que les conditions de validité de cette relation sont bien 
vérifiées dans le cas de la diffusion des ondes radioélectriques métriques dans 
la couche E de l’ionosphère. 

Relions d’arbord les fluctuations de densité aux fluctuations de vitesse 
par la loi de Bernouilli. Des fluctuations Av locales de vitesse seront accom- 
pagnées de fluctuations de pression Ap ainsi que de fluctuations de densité Ao 
en vertu de 


f ) An)\2 
(28) Ag AP _ cl 
OSSO 0, 


o, étant le carré moyen de la vitesse moléculaire. Etudions alors de plus près 


les fluctuations de vitesse dans les conditions de turbulence homogène. Cette 
situation peut se représenter ainsi. Il existe des causes externes qui produisent 
sans cesse de gros tourbillons d’une certaine dimension L, et d’une certaine 
vitesse v,. Ces tourbillons se subdivident aussitòt en tourbillons plus petits, 
de dimension Ly = «Ly avec «<1. Soit v, la vitesse de ces tourbillons plus 
petit noyés dans les plus gros (e, étant la vitesse par rapport a Ventourage, 
cest-a-dire relativement aux gros tourbillons qui leur donnent naissance). 
Ces tourbillons se diviseront à leur tour en tourbillons plus petits L,=—oaf, =a? Ly, 
avec v, pour vitesse relative à leur voisinage. Dans ce processus de subdivision, 
l’énergie fournie au plus gros tourbillon se trouve transférée aux plus petits, 
et ainsi de suite. On supposera qu’une quantité d’énergie constante par volume 
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et par seconde est fournie aux gros tourbillons par une source externe. Le 
processus de subdivision s’achévera lorsque la dimension du tourbillon final 
atteinte est telle que la viscosité moléculaire devient suffisamment grande pour 
dissiper l’énergie en chaleur. 

Voyons avec v. WEIZSACKER quelles sont les relations quantitatives qui 
apparaissent dans ce processus. L’énergie par unité de volume contenue dans 
un tourbillon est de ordre de ov?/2. Si la durée de vie d’un tel tourbillon est 
de l’ordre t, = L,/v,, les tourbillons de dimensions Z, fourniront de l’énergie 
aux plus petits (de grosseur L,.,) avec une vitesse (energie/temps: volume) 


(29) Sn ~ OVn/tn > OVn| Ln » 


Comme on snpposera le processus stationnaire, l’enérgie S,_, des tourbillons 
d’une grandeur supérieure transmise à ceux de dimension n doit étre égale è 
Sn. Il en résulte que S, sera une constante indépendante de n: 


(30) rie ee a 


S est l’énergie transmise aux tourbillons par la source d’énergie (gros tour- 
billon) puis aux tourbillons plus petits. L’ordre de grandeur de S est donnée 
par l’énergie fournie aux plus gros tourbillons: 


(31) S = 00/Lo - 


On peut utiliser la valeur de S pour déterminer les dimensions des tourbillons 
les plus petits. L’énergie par cm? et par seconde dissipée par viscosité molé- 
culaire est par définition — y(dv/dr)? où dv/dzx est la vitesse de variation de v 
par unité de longueur. Les plus petit tourbillon sera celui dans lequel cette 
énergie prend la valeur S. Comme dv/dz~ v,/L,, Von obtient pour le tour- 
billon minimum de vitesse v, et de dimension linéaire L,, 


Wo | Te a 8, 
En vertu de (30) et de (31) il vient alors 
(32) Ly|L, = (Q%oL/n)* « 


En termes physiques: le rapport des dimensions des tourbillons maxima è 
celles des tourbillons minima est égal au nombre de Reynolds élevé a la puis- 
sance 2. 

On peut identifier les vitesses 0, avec la grandeur Av figurant dans (28). 


Considérons des régions de l’espace de dimension linéaire L satisfaisant a la 
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relation 


(33) EE, 


et supposons que L, = L. Alors Av = v,, Pécart moyen par rapport a l’en- 
tourage, de la vitesse dans cette région. On tire alors de (28) l’écart de den- 
sité moyen (Ag), dans la région L: 


(34) (Ag), =0nlx)? = 000/04) (L/La)f . 


Illustrons ce résultat par un exemple. Dans la couche E de l’ionosphère, a 
une altitude de 100 km, lon a 0 = 2-:10-°g cm-?. La viscosité est indépen- 
dante de la pression et est égale & 7 = 2:10-* g cm-!s-!. Les données fort 
vagues sur les vitesses et les dimensions des tourbillons permettent de conclure 
grossièrement: 


(35) Vy = 5-108 cms, Lo = 5-108 cm, 
d’où 

Vol 
(36) n ILE EEE 


| 


donc L, = 2.5-10? em, et enfin 
(37) S = 0.5:10> ere em=4 34 . 


Développons maintenant la densité o(r) en série de Fourier A Vintérieur 
du volume diffusant V supposé cubique: 


(38) Or) = = > o(k;) exp [—tk,-r], 


avec la forme réciproque 


(39) o(k;) = farete exp [—tk,-r]. 


y 


Nous écrirons sans ambiguité indifféremment o(k) = 0, = or = o(k). De 
méme 


(40) v= > v,exp[—ik-r], 
k 


avec k,= (27/L)m,, .... Nz, Ny, n, nombres entiers et v,=v*,. Le nombre de 
vibrations propres entre k et k+Ak sera donné par Ack? + Ak- V /(2a0)3. 
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Alors 
o 1 ie ae Va 
(41) a Sa 5 = (Cin = 5 dk? dk (27)? | ee |? = iL. dk , 
done 
n ik x. 
(42) E(k) = —— k?V |», |? 
(270)? 


On peut dès lors mettre l’équation de Navier (5) sous la forme 


CU, ; aa lb 
(43) PIO, = kw, — i — De , 
ot 5 0 o) 


en développant aussi la pression p en série de Fourier 

(44) p = > p, exp[—tk-r], pa = Dee 
: 

Comme on supposera le milieu incompressible (4) 

(45) ko, = 0. 


Ceci peut paraitre paradoxal en raison de notre tentative de calculer la 
fluctuation de densité Ao. En fait, cette hypothèse implique seulement que la 
partie sans divergence du champ de vitesse est dynamiquement beaucoup 
plus importante que les composantes irrotationnelles. Cela revient ainsi à 
admettre que l’énergie potentielle stockée dans les variations de densité est 
beaucoup plus petite que Vénergie cinétique des tourbillons. Ayant présent 
cela dans l’esprit, calculons maintenant les fluctuations de pression Ap et 
ensuite Ao a l’aide de 


(46) p(r) = polo(r)/00); 
00, Po étant les valeurs moyennes de la densité et de la pression, et y= C/C =1.4 


pour des molécules diatomiques. En multipliant (43) par k et comme pour 
k#0, pi=APy; Il vient 


Ap, = — = > (kev )( kis v1) 5 
È 
d’où 
(47) Aex = — (0o/¥Po)?k~ > (K-vw)(k- vi). 
u 


Ceci nous ramène au champ de vitesse v(k). 
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En multipliant (43) par v(— k) 


Cc 


(48) — (02, Vx) = d0 > (ke vy)(V_~° Viv) + 97K? (Vy V_x) - 
< 


jov'(r) = 49 vv, 
k 


3ov(k)-v(— k) est la densité d’énergie cinétique portée par le nombre d’onde k 
En sommant sur tous les k dans (48), on obtient le bilan de puissance totale 


(49) Ss =— ca (£ x vv.) = 10) > (k-v,) (U_U) + N > izi(V UR 
k k 


i,k! 


Le premier terme du second membre décrit le transfert d’énergie cinétique 
aux divers nombres d’ondes k; le second terme, la dissipation visqueuse d’énergie. 
Définissons maintenant une situation stationnaire dans une région (Ly)? com- 
plètement enfermée dans le domaine où (49) est valable. Cette région contiendra 
alors un tourbillon maximum de dimensions L, et de vitesse caractéristique 0. 
Ce tourbillon serà couplé a l’extérieur de cette région en raison du terme du 
transfert dans (49). On suppose que l’effet de ce couplage est de maintenir 
la vitesse moyenne v, de ce tourbillon moyennant une fourniture de puissance Sy. 
Pourvu que S, soit constant dans le temps, un état d’équilibre finira par 
s’établir dans lequel le v(k) moyen sera aussi indépendant du temps. On peut 
alors faire l’hypothèse que 


(50) Sio 


Si le nombre de Reynolds Re = 00Ly/7 est assez grand, le terme dissi- 
patif ne jouera que pour des nombre d’ondes k > 1/Z,. Il affectera les tour- 
billons de dimension L, et de vitesse v, pour lesquels le nombre de Reynolds 
«local» est tombé a 1: 


(51) Lo (mi= 
Les nombres d’ondes de Vordre 1/L une fois atteints, la dissipation de 


puissance par frottement remplace le transfert de puissance aux nombres 


d’ondes plus élevés. On parvient ainsi 4 une autre équation caractérisant Vs 
et L,: 


(52) So = ML) 
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Nous nous servirons de (51) et de (52) pour définir les deux grandeurs 

= Q + 3/ î 

(53) os = (Sonfo?)*, Ls = (n3/S,o?)*. 


On voit que les trois paramétres « externes » So, 7, 0 définissent une échelle 
de longueur et de vitesse absolue pour le probléme de transfert d’énergie et 
de dissipation dans le flux turbulent. 

Pour mettre a profit cette idée d’une manière quantitative, partons de la 
définition (41) de la distribution d’intensité spectrale F(k) pour les vitesses, 
définition où l’isotropie du spectre de vitesse a été admise, 


Vy'V_, = [ 10) ak . 
k 


0 


| 


(54) 


9 


t 


Le terme dissipatif dans (49) sera des lors 


o 


(55) 2 | 42 P(k) dk . 
0 


Comme (54) représente la puissance totale absorbée, l’on a avec y = kL,, 


ao 


(56) So = (2n/L8) [y2P(Lsty) dy . 
° 
En vertu de (52), Y(L;!y) =v2L,H(y) définit une fonction universelle 
E(y) normée a 1: 


(57) L= [2y2B() ay . 
+ 


0 


7. — Détermination de F(x). 


A condition que L, < Lo, il existe une région k < Ly dans laquelle la 
forme du spectre de vitesse F(k) est déterminée par le mécanisme de transfert 
et n’est pas affectée par la dissipation visqueuse. Dans cette région F(k) devrait 
étre indépendant de 7, ou v2L,H(kL,) indépendant de n. Cela ne peut visi- 
blement avoir lieu qu’avec une loi de puissance pour # puisque L, renferme n. 
En posant 


E(kL,) = const -(kL,)" , 
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Von obtient, moyennant (53) 


y 3() 
ARIAS ay lace 


où Vindépendance par rapport à n exige 3 + 3(n+1)/4=0, n =—3. 

Pour normer F de manière approchée, on peut faire l’hypothèse que ce 
spectre vaut pour toutes les valeurs de k comprises entre 1/L, et 1/L,, et 
qu’au delà de ces limites, le spectre est coupé. Du còté des grands nombres 
d’ondes, on la vu, la viscosité agit certainement comme une coupure, tandis 
que du còté opposé la source de puissance produit naturellement des tour- 
billons d’une certaine grosseur maximum Ly. Moyennant ces hypotheses la 
condition de normalisation (57) nous donne 


pole 


1/Ls 


const + (277/80) [xs digit: 


) 


Yon en tire 


8. — Ailes du spectre des vitesses. 


Aucune solution réellement satisfaisante n’existe pour cette région. La 
maniére la plus simple d’aborder ce probléme est de considérer le transfert 
d’énergie cinétique des petits nombres d’onde aux grands nombres d’onde 
comme un effet d’amortissement sur le mouvement des gros tourbillons. On 
est ainsi amené à introduire la notion d’une viscosité tourbillonnaire »'(k) pour 
décrire l’absorption de l’énergie d’un tourbillon de dimension k-! par des tour- 
billons de dimension < #!. Si Pon admet qu’on peut exprimer 7'(%) moyen- 
nant F(k') (k’'<k), Von obtiendra par des arguments de dimensions 


(59) n'(K) = const-g [arte]. 


k 


La constante s’évalue en remarquant que 7'(k) devrait étre grand compare 
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a n pour k<1/L, et lui devrait étre égal pour k = 1/L,; Vou 


[col 


~ 


n = const: o fae Lice y/a pa. 


Nu 


Moyennant (58) cela donne 


On peut des lors représenter notre transfert de puissance stationnaire comme 
un processus de dissipation où lénergie S, dissipée dans les tourbillons k'< k, 
ou transférée aux composantes de vitesse v,, avec k’>k, est donnée par 


k 
(60) 8, = 2[y'(k) + n) | F(R) ak’ ; 


0 


La condition de transfert stationnaire entraîne que l’énergie ne s’accumule 
dans aucun intervalle donné de nombre d’onde et que, par suite, 8, est indé- 
pendant de k et égal a S,. On obtient de la sorte, avec (59), l’équation suivante 
pour F(k): 


(co) k 


(61) So e [LU yk dk! + n fera are. 


k 0 
La solution, due a J. BASS, se met sous la forme 


(62) F(k) = (88,/90)*k*[1 + (k/h,)*]-* 


avec k, = (38,02/87%)* 

Pour k <k,, on retombe bien sur (58), 4 un changement dépourvu d’im- 
portance prés de la constante de normalisation. En outre, la valeur k, est 
essentiellement identique 4 1/Z, donné par (53). Pour k> %k,, F(k) se com- 
porte comme k~ 


(63) F(k) — 8-4(S,o/n)2k~ . 


Il y a intérét è comparer ici k, avec ky = 1/L et ky =1/L,, Ly étant le libre 
parcours moyen des molécules du gaz. La théorie cinétique des gaz nous fournit 


y/o = (277/3)0 ky, et = Vola Olin 


(nombre de Reynolds). 
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On tire de (53) 


4 


(64) le = Beko, 


(cf. aussi (32)) et 
(65) ki (Sy/So)Ks è 


ou l’on a introduit S, = ov',k,, par analogie avec S,. (64) montre que 
k, > ko, si seulement le nombre de Reynolds est suffisamment grand. L’équa- 
tion (61) tranche la question plus subtile de savoir si les notions hydrodyna- 
miques s’appliquent au fond dans la discussion du processus de dissipation. 
ky >> k, est une condition nécessaire pour cela, et elle n’est valable qu’a la 
condition que la puissance fournie S, ne soit pas trop grande. Nous reviendrons 
sur les aspects numériques de ces conditions dans les applications a la dif- 
fusion ionosphérique. 

Notre analyse du spectre de vitesse étant maintenant achevée dans ses 
grandes lignes, nous allons passer a l’établissement des lois régissant la dif- 
fusion des ondes électromagnétiques. 


9. — Diffusion électromagnétique et son calcul. 


Caleulons la diffusion que subit une onde électromagnétique de vecteur 
de propagation k, dans une région de espace de volume V qui contient un 
milieu dont la constante diélectrique e subit des fluctuations e = « + Ae, 
où Ae est une fonction aléatorie de r, Ae = f(r’). Nous admettrons que les 
variations dans le temps sont suffisamment lentes et qu’elles n’affectent pas la 
diffusion. 

L’onde diffusée par la matière est liée aux fluctuations du moment electri- 
que P par cm’ autour de sa valeur moyenne P. Les ondes électromagnétiques 
couplées avec cette valeur moyenne P (P= Y p = Np, p= moment électrique 
d’un dipdle et la sommation s’étendant sur l’unité de volume, NV = nombre de 
dipòles par em’) se composant pour restituer une onde cohérente regulière 
transmise. Les excès 


(66) P—P=AP (4nP=D_- E) 


produisent par contre des ondes sphériques incohérentes qui ne se détruisent 
pas complètement par interférence, mais se propagent, bien au contraire, sous 
forme d’onde diffusée de tous les cOtés. Si le dipòle est un oscillateur harmo- 
nique, le champ ainsi produit aura pour forme classique (r > 7) 

«op 


(67) ke a sin y exp[i(ot— k-r)], 


(x étant langle de polarisation). 
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L’intensité des ondes diffusées par ces dipoles dans élément de volume 
dV= dr sera 


) Swadvy 7. 


(6 


oe) 


ou A représente la fluctuation par rapport A la moyenne de la grandeur (67) 
et la somme étant prise sur toutes les ondes sphériques issues des divers dipéles 
{molécules) situés dans dr. En portant (67) dans (68), lon obtient Vintensité 
du rayonnement diffusé par dV 


(69) (eee = NS ip 


ou p, est le moment instantané du i-ème dipòle (molécule). 
Les fluctuations de la quantité > p, sont dues à deux causes: 


v 


a) fluctuation du nombre VdV des molécules dans dV 


(70) N=N-+4AQN; 


b) fluctuation des divers moments 


pi =D; + Ap: - 
Si lon néglige ce dernier type de fluctuation, l’on aura: 
> pi = p(N + AN) et Ayn == pPAW =) pala. 


Or, comme P = (e— 1)E/47, Y pi = (€— 1) E/4a et A > p, ®© Ae: E[4a. 
Finalement Yélement de volume dV devient un dipdle de moment 
P=(e—1)E/4a et 
API Vin 


la fluctuation sera donc 
Re Ae APY 2 i 


Nous supposerons dans cette première partie un milieu dans lequel la dif- 
fusion est assez faible pour qu'il ne soit pas nécessaire de considérer qu’un 
seul pinceau diffusé. Les résultats peuvent alors s’exprimer moyennant une 
fonction de distribution radiale (9). La considération de diffusion multiple 


(6) Si la fonetion n°%(r;, r;)dr;dr; est la probabilité davoir une molécule dans 
Vélément de volume dr, et une autre dans dr; et si N > 1, on définit la fonction de 
distribution radiale g(r;,r;) par n®(r;,7r;) = n(r,)n(rj)g(r;,7;). n(r;) étant la densité 
au point r;. g(r;, r;) +1 lorsque r,; = |r; — r;|-co, et les écarts a l’unité mesurent 
les corrélations dans les positions de paires de molécules. 


88 - Supplemento al Nuovo Cimento. 
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introduit des fonctions de distribution d’ordre plus élevé. Soit k, le vecteur 
de propagation de l’onde avant la diffusion et k le méme apres diffusion. 
Comme la présente analyse se borne a la diffusion élastique 
ko Sh = 2nd , 
2 étant la longueur d’onde radioélectrique. Les directions de vecteurs k, et k 
indiquent les directions des ondes incidentes et des ondes diffusées. 
Si 
E,; = E, exp [i(wt — ko r)] 


est le champ de l’onde incidente et 
EB = #, exp ([t(ot— k,-r)] 


celui de Vonde diffusée, l’amplitude £; de l’onde diffusée sera d’après ce qui 
précéde (R> VV) 


Pi TH 
(70) E.= 


Jaen exp [tk-r]dr sin x, 


= 
x étant langle entre la direction de l’onde incidente et la direction de la dif- 


fusion. 
D’autre part 


(71) K=|K|=]|k— k,| = 2k sin0/2 


avec k =|k,| =| k,| = 274. 
En introduisant la section efficace od2 pour la diffusion par unité de 
volume du volume diffuseur dans langle solide dQ 
o dQ = (R*/V)(E%/E?), 


Von obtient 


(72) odQ = x°|M|? sin y2dQ/VA, 
avec 
(73) M= Jaen exp[iK-r]dr. 


Pour l’ionosphère 


(74) e= &(1— 03/0?) 
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avec 


“1 
Ou 
aes 
| 
| 
| 
a 


ou ge w%,/@. 

On voit que amplitude des fluctuations décroit en raison inverse du carré 
de la fréquence w; elles n’affecteront done ni les ondes décimétriques, ni les 
ondes centimétriques. Passons maintenant au calcul de M (73) qui figure 
dans (70) en tenant compte de (75) 


(76) iM ="g/05 | Ao(r) exp[tk-r]dr, 


De 


où 0, est la densité moyenne. Notre propos est de calculer cette grandeur en 
nous appuyant sur la théorie de la turbulence homogène. Ces concepts ne 
s’appliqueront que si la longueur K~! est comprise entre L, et Ly: 
(77) Li'i<2ksn0/2=L5'. 

L’intégrale figurant dans (76) est le coefficient de Fourier des fluctuations 
de densité. Reprenons le développement de la densité en une série de Fourier 
dans le volume diffuseur V supposé cubique 


1 ; 
(78) o(r) = > o(ki) exp[—ikyr], 


avec sa transformée de Fourier 
(79) o(k;) = Join exp [tk,-r|dr. 
iS 


Il est alors évident que M défini par (76) n’est autre chose que 


(80) M = 5 o(K). 


Recherchons maintenant une relation entre o(k) et la grandeur (Ag), définie 
par (34). Cette quantité (Ag), est constituée par des fluctuations dont la pé- 
riode spatiale est de l’ordre de Z. En vertu de la nature aléatoire de ces fluc- 
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è) i ef Aarer 9 ) € 
tuations, les différentes longueurs d’ondes n’interféreront pas et Von aura 


x” 


1 Be 
(Mop = Zell = 5 (5 ) [x o(k) |? 


~ kA SES AL 
x 


L’intervalle est de l’ordre de L lui-méme et centré sur k = 1/L. (V/27)? est 
le nombre de composantes de Fourier ayant des nombres d’ondes compris 
entre k et k+dk. Cela fournit approximativement 


iy Fal 
MES 0 (lees 
(31) Ao ded 
et par suite, 
| M|® == 6r8(g/00)° VIA) gaye 


et en y portant (34): 


RETE hay (ihe tia 
| M (2 = 629? V (2) [313 | VIE, 
ny L=1/K 


(b) 
En substituant cela dans (72), Von obtient 


Vo 4 13/3 sin? X 
82 gd0 idonea li 
(2 ) = I (2) rie jt 


en omettant le facteur 3/8. En posant L = K* et compte tenu de (71), Von 
a finalement 


Lett AIR ca ee 
(83) — 3,/ St a ) (È) (2 sin 0/2)-12/3 sin? y . 


) 
v M 


La validité de cette expression est restreinte par la condition (33). Elle 
ne s’applique que tant que 


(84) Li! < 2k sin 0/2 < L;*. 


On voit que les conditions de turbulence ne figurent dans la section de 
choc que sous la forme v%/L*. Il s’ensuit que la section efficace est propor- 
tionnelle a S* et ne dépend que de la dissipation d’énergie S. Remarquons 
la dépendance angulaire caractéristique en (sin 0/2)-13/*. En outre, o varie avec 
la longueur d’onde comme 4. Si les conditions (84) ne sont plus vérifiées, 
on doit s’attendre a des écarts par rapport à (83). Le cas où L = (2% sin 0/2)! 
est comparable ou inférieur a LZ, est d’un intérét particulier. Dans ce cas les 
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tourbillons de cette dimension sont atténués par dissipation moléculaire, et 
(Ao), est alors plus petit que (34). En particulier (Ao), diminuera plus rapi- 
dement que ZL? lorsque L décroit. 

Si Pon prend, au lieu de (11), par exemple 


(85) (Ao), = 0(00/0,)*(L/L)} F(L/L,) , 


ou F(x) est une fonction égale a Punité pour «> 1, et qui décroit rapidement 
pour «<1, on obtient alors un facteur | F(A/4L, sin 6/2)|? qui figurera dans 
Vexpression de la section efficace (83). Il s’ensuit que la diffusion décroit plus 
rapidement lorsque / décroit ou 9 décroît si (2% sin 6/2)-1< Ls. (70) et (71) 
permettent de mettre la section efficace sous la forme 


La 2g? È i \2 ¥ 
(86) Cue — STI, | Ser) exp[ik-r]dr| sin? ydQ. 
l402V | | 
È 
Or 
(87) si [Aokr) exp[iK-r]dr = exp [iK- res Ao(R)Ao(R + r) dR = 
OF Vs n) 0° 


I Ao 
= fexp (ik-r1 ae C(r)dr, 
o? 
en définissant une fonction d’autocorrélation par 
; 1 
(88) C(r) == far Ao(R)Ao(R+ r). 


Si Pon définit maintenant la transformée de Fourier C(k) de C(r) par 


I Ware È È 
(89) C(r) = (ka) [exp [-ik:r]0(4) dk, 


l’on obtient 
(90) od’ =: sla sa jouw sin? ydQ, 
avec K = 2k sin 6/2. 


Exprimons maintenant la fonction de corrélation O(r) moyennant les 0x 
définis par (39) avec 0, = Ao, pour k # 0: 


C(R)= Ag(k)Ag(R+r)= = Ao(R)Ao(R + r) dR = 2 0x0 exp [tk r]. 
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Avec o?= e2 et moyennant (47), il vient 


C(r) = (# a) > k-* exp[ik-r] > Di (ke vy) (ke vy) (bevy) (ke vx) . 
YPo 


k 


Les seules contributions différentes de zéro à la valeur moyenne proviennent 
des combinaisons 


(a) k'=k", kl po 
(b) Beka Ls. 


Ainsi > > se réduit a 


ko ok 


2 De (Ke vy (he vy) X (le Ope (Ey) - 


En outre, comme la condition d’incompressibilité entraîne (k-v,) = 0, 
Yon a 


(k- Dy \(k- v_») = (k,-vp)(kj 


Dow) = dl ve] 
avec 
k, =k—n':(k-n)', Ee 
et par suite 
ki, = Leek — (eke RT 


Cela donne 


2 


O(r) =2(golyPo)* X ht exp [ier] S| ve [vie] [kek — (He RY Ae kB), 


Comme en vertu de (89) et (90) on n’a besoin que de la transformée de Fourier 
C(k) de C(r), mettons les sommes relatives aux k sous forme d’intégrales de 
Fourier moyennant la substitution 


SS Vea? far. 


k 
En faisant appel en méme temps a F(k) défini par (54) l’on obtient 


Ag 
0° 


C(r) = 2(0o/vPo)4(2x)-? [owe exp [tk-r]- 


Jak rae k k' |) ere (k- =| 


k2(k — k")2 
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soit, en vertu de (90), 


(91) = Ck) = x(0o/yp.)2k-* | dk' F(k')- F(|k— k' |) ts DeL: a 


k?(k — k')? 
Calculons d’abord (91) pour le cas 
(92) K<k<k,. 


VILLARS et WEISSKOFF emploient dans ce cas le spectre F(k) donné par (58), 
en utilisant un cut-off a k>k, età kK<%. Il se trouve toutefois qu’avec les 
hypothèses de (92), l’intégrale sur k’ — appelons-là J(k) — est essentiellement 
indépendante des deux limites. On trouve: 


ca. = O(k) = 200*(00/yPo)*(Sole)*#k-YH , 


ou la valeur approchée de H est 


z 
Ei 


(94) H=1.2+1.6(k/2k,) 


3P 005 e 


A la limite de nombres d’ondes très élevés 
(95) k> ki, 


H(k,/k) est égal à 8/5(k,/k)?®8, comparé & 1.2 pour le cas k <k,. 
Les sections efficaces pour les deux cas k <k, et k> k, sont 


(96) o 0.69*(v0/0 y)*(4/2r)/8L7![2 sin 0/2]7!8/* sin? y, 2ksin0/2<k,;. 


(97) o 0.89°(v0/0,)*(A/2r)L7*L7[2 sin0/2] sint y, 2ksind/2>k,. 


Appliquons maintenant la formule de dif- 
fusion (83) aux observations de BAYLEY et 
al., au cours desquelles un pinceau de 
50 MHz était diffusé par la couche E. Les 
conditions géométriques de ces auteurs 
étaient celles représentées sur la Fig. 2. 
On obtient alors pour le rapport P,/P, 
de la puissance recue à la puissance émise 


98 sie 
ae P, © sin (6/2) d2’ Fig. 2. 


où bd est Pépaisseur de la couche diffusante et A est la surface d’aperture équi- 
valente de Vantenne réceptrice définie par G = 44/7, G étant le gain de 
l’antenne, et où d est la distance de transmission. 
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Dans les expériences ed Battny et al., les données étaient les suivantes 
A=10%cm, A=3-10%cm?, d=1.2-108cm, b—=5:105cm, § = 240. 


En substituant dans (98) ces valeurs, avec g correspondant à ©, = 1.5 MHz, 
ainsi que les constantes de turbulence données par (35), lon obtient la valeur 


théorique 
(99) Di = 16-10, 
alors que Vexpérience fournit 

= SOLO 


Théorie et expérience sont done en accord remarquable. 

Deux hypothèses implicites se trouvent a la base de ces théories de la dif- 
fusion turbulente. En premier lieu on ne tient pas compte des diffusions mul- 
tiples, ce qui peut se légitimer dans certaines parties, de petite densité électro- 
nique ou ionique, de l’ionosphère. Il n’en est plus de méme dans les plasmas 
plus denses et de caractère plus général. Il sera done intéressant de reprendre 
ces calculs dans le cadre plus large des diffusions multiples. 

Une seconde hypothese conduit a admettre la théorie de la turbulence 
isotrope, homogène et stationnaire [1-15]. Or, le point de départ de la théorie 
de la turbulence est lié à l’équation de Navier mise sous la forme 


(100) I Le 


ct 0 


Or, dans les plasmas de nature et de propriétés plus générales, sièges de champs. 
électromagnétiques rapidement et lentement variables, et rendus biréfringents 
par Veftet des champs magnétiques, il apparait que la force de Lorentz est: 
susceptible de modifier profondément, entre autre, le caractére isotrope de la 


x 


turbulence, ce qui amène a mettre les équations de Navier sous la forme 


101 ap dvd — 
( ) dh (v )v = 


jou 


4 1 
(0.E el a Sa 


‘ 


o, et j étant définis par les équations de Maxwell 


: ; e 0E 
div cE = 4x0, 4nj = ve + rot H, avec divH = 0, 
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et 


e étant en général un tenseur du second ordre. 

Dans ces plasmas, de caractére trés général, le champ électrique E et le 
champ magnétique H sont susceptibles de comporter des composantes flue- 
tuantes. Ces composantes E, et H, doivent étre & leur tour développées en 
séries de Fourier 


. 


E,(r) = | E(k) exp[tk-r]dr, fir) = [ Hu) exp teri are, 


a la manière du champ de vitesse v et de la pression p. Il apparait dès lors 
nécessaire, dans la théorie générale de la diffusion turbulente des ondes électro- 
magnétiques, de prendre pour base des calculs les équations de Navier mo- 
difiées (101), tout en tenant compte de la diffusion multiple. 
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OSSERVAZIONI ED INTERVENTI 


— H. BREMMER: 


Est-ce-que le spectre #(k) de la fonction de correlation (r) employée par Weisskopf 
et Villars différe essentiellement de celui dérivé par Kolmogoroff et Heisenberg? 


= i) KAHAN: 


Le modèle de Kolmogoroff et Heisenberg constitue la base du travail de WEISSKOPF 
et VILLARS. 


CRE RAWERE 


Si l'on compare cette belle théorie aux résultats des expériences on retrouve deux 
difficultés: la première est donnée par le fait que l’altitude de « réflexion est nettement 
au dessous de celle de maximum de l’ionisation de la région E (120 km). La différence 
est de l’ordre de 40 km. A priori on dirait que l’effet de diffusion du rayonnement 
était maximum au maximum d’ionisation. Il s’agit done de trouver la raison pourquoi 
cette diffusion a lieu vers 80 km. Il est possible qu'il y ait là une très forte turbulence 
qui devrait étre expliquée. 

La deuxième difficulté est due aux météores qui n’ont pas seulement un effet direct 
d’ionisation. Cette ionisation assez forte concentrée dans une trace mince donne cer- 
tainement lieu a une reflexion partielle du rayonnement. L’influence des météores semble 
d ailleurs se retrouver dans les courbes obtenues par la variation journaliére de l’effet 
où lon observe le maximum dans la nuit connu de la statistique des météores. 


— D. GRAFFI: 


Con la teoria che Lei ha esposto si calcolano le variazioni della costante dielettrica 
dovute alle fluttuazioni di densità. È possibile calcolare il campo elettromagnetico in 
‘corrispondenza di queste variazioni di costante dielettrica? 


WI KAHAN: 


È possibile, mediante un metodo del tipo di quello delle perturbazioni. 


SUPPLEMENTO AL VOLUME IV, SERIE X N. 4, 1956 
DEL NUOVO CIMENTO 20 Semestre 


The Electrical Conductivity of the Ionosphere: a Review. 


S. CHAPMAN 


Geophysical Institute - University of Alaska 
High Altitude Observatory - Boulder, Colorado (*) 


1. — Introduction. 


BALFOUR STEWART [1] was the first to infer, in 1882, that the upper atmos- 
phere must include a region with significant electrical conductivity. He drew 
this conclusion from a discussion of S, the solar daily geomagnetic variation. 
This variation is decidedly greater in years of high than in years of low sunspot 
number; he considered that the cause must be electrical currents in the upper 
atmosphere, not in the lower atmosphere or within the earth, because these 
regions show no appreciable change associated with the sunspot cycle. He 
suggested also that the currents are produced by dynamo action, that is, by 
movement of conducting air across the lines of force of the geomagnetic field. 

In 1889 ScHusTER [2] established Stewart’s inference that S originates 
above the earth. This he did by spherical harmonic analysis, in the manner 
introduced in 1839 .by Gauss [3]. In 1908 ScHUSTER [4] gave mathematical 
form to Stewart’s dynamo theory of S. Electromotive forces (e.m.f.) arise 
wherever air moves across the geomagnetic field, but they will be effective 
only in the supposed conducting region. The air motion must be mainly hori- 
zontal; the induced e.m.f. may have a vertical component, but the current 
flow was ascribed solely to the horizontal component e.m.f. This sets up 
electrical currents and also a distribution of electric charge in the conducting 
layer, such that the combined e.m.f. and electrostatic field impel closed and 
nearly steady electric current flow. 

The magnetic observations of S indicate the pattern of the electric current 
flow, and also its intensity, integrated over the thickness of the current layer ; 


(*) Now engaged in a joint research program with the High Altitude Observatory 
and the National Bureau of Standards, Boulder, Colorado. 
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they do not determine the height h at which the currents flow; on this account 
the current pattern and intensity are subject to a slight uncertainty, of pro- 
portional amount h/a, where a denotes the radius of the earth. 

The corrent intensity inferred from the magnetic data for S gives the order 
of magnitude of the product Av; here K denotes the electrical conductivity 
integrated over the thickness of the current layer, and v denotes the magnitude 
of the daily-varying vector departure v of the air velocity from the daily mean 
air velocity. The data for S indicate that Av is greater by day than by night, 
in summer than in winter, and at sunspot maximum than at sunspot minimum. 

SCHUSTER [4] calculated A on the assumption that v is the same as for 
the daily wind variations at ground level. His value, for the maximum & at 
places where the sun is overhead, was 1.1-10-? e.m.u. This value implied 
considerable ionization of the upper atmosphere. CHAPMAN [5] in 1919 inferred 
an even higher value, 2.5-10-5 e.m.u. (on the same assumption as to v), from 
new investigations of the current flow and the dynamo theory of S, and also 
of L, the lunar daily geomagnetic variation. 

In 1902 HEAVISIDE and KENNELLY independently inferred the existence 
of an ionized layer in the upper atmosphere, from quite different evidence, 
concerning radio propagation. During the years following 1920 this layer, 
later known as the ionosphere, on the proposal of WATSON WATT, was explored 
by radio experiments made by APPLETON, BREIT and TUVE and other pioneers. 
They were able to determine the amount and the daily and other variations 
of the maximum values of the electron density n,, at the peaks of the E and 
F ionospheric layers, distinguished and so named by APPLETON; like S, the 
electron density is greater by day than by night, in summer than in winter 
(at least in the E and F, layers), and in years of high than of low sunspot 
number. From the radio measurements of n, it was possible to estimate the 
specific electrical conductivity kj, from the formula (derived from the simple 
mean-free-path theory) 


a) eae a 


Ae 
Mo, Mavi Mo 


Here e denotes the (positive) magnitude, 1.60-10-2° e.m.u., of the unitary 
electrical charge; m,, m,, m_ denote the masses of electrons and of positive 
and negative ions respectively; n., »,, n— denote their number densities. 
(or numbers per cm*), and v,, »,, v_ their collision frequencies. (The ions 


are Supposed to be only singly charged). The corresponding total conductivity 
of the ionosphere is given by 


(2) pe fina i 


integrated throughout the thickness of the ionosphere. 
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In 1927 PEDERSEN [6] pointed out, in connection with the radio measu- 
rements of n, and the dynamo theory of S, that the geomagnetic field renders 
the electrical conductivity anisotropic. The above values of k, and K, are 
valid in the absence of a magnetic field, and also, when a magnetic field F 
is present, for the component electric field along F; but for the electric com- 
ponent normal to F the specific conductivity is reduced to k,, given by the 
formula (derived from the mean-free-path theory) 


: NeVe NV ae 

(3) ky == e? J S7- 2 I 2 9 mi ben \ ’ 
lm.(0È + vy) E SAU) m_(ML + v)f 

where, with suffix e, + or — added to the symbols © and m, 

(4) ao = Cl hn: 


here © is the angular speed, in radians per second, with which the charges 
spiral round the lines of magnetic force, in opposite directions for the oppo- 
site charges; the sign in (4) is opposite to that of the charge, if the right- 
handed spiral motion of the charges, relative to the direction of F, is reckoned 
positive. Thus © is 1.76-10’F for the electrons, and — 9.57-10°F/W, for a 
positive ion of molecular weight W,. At the magnetic equator, taking F’ there 
to be 0.3 gauss, ©, is 5.28-10%; at the geomagnetic pole, taking “= 0.6 gauss, 


«0, is 1.055-107; the corresponding values of w,; are + 2.90-103/W; and 


+ 5.79-10*/W,, the sign being opposite to that of the ion. 
The direction of the current flow in the S system is in many places normal 


‘or oblique to the geomagnetic field F; hence it seemed that the effective spe- 


cific conductivity & at such places must be equal or similar to k,, the « trans- 
verse » or « Pedersen » conductivity. The corresponding integrated conducti- 
vity K,, as inferred from the radio data, was estimated by APPLETON [7] 
to be much less than the value of A inferred from S by SCHUSTER and CHAPMAN, 
on the assumption that the ionospheric motion v is the same as that at ground 


level. 
The discrepancy was reduced, but not removed, when it came to be con- 


sidered likely that the ionospheric v exceeds the ground value by a factor of 


order 100, thus reducing the S estimate of A in the same ratio. This new 
light on the magnitude of v was given by the theoretical investigations of 
atmospheric oscillation, by TAYLOR [8] amd by PEKERIS [9], and by the radio 
determination by APPLETON and WEEKES [10] of the very considerable lunar 
tidal rise and fall of the E layer; later Martyn [11] showed that the tidal 
rise and fall of the F layer is even greater (the range being a few km). Mean- 
while the accurate kinetic theory of the electrical conductivity of an ionized 


gas in a magnetic field [12, Ch. 18] had been further developed by COWLING [13]. 
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The remaining discrepancy between A as inferred from S and from the 
radio data was of order 10; it also has now been removed, by considerations 
essentially due to CowLING [14]. In the presence of a magnetic field F, a 
transverse component E not only produces a current k,E in its own direction; 
it also impels a « Hall» current %,£ in the direction of the vector product 
FE, perpendicular both to F and to E: where (according to the mean-free- 
path theory) 

(5) k, = e? I 


mi(wi + v2) 


NO . NO . NiO. Il 
I I 


mm ei) e) 


Thus this current has the direction of E x F for the positive ions, and the oppo- 
site direction, that of FxE, for the negatively charged particles. It is ap- 
propriate to call k, the Hall conductivity. 

This current may be inhibited partly or wholly, when the boundaries of 
the conducting region are normal or oblique to the Hall current, by the field 
of an electrostatic charge distribution set up in the region. CowLING [14] 
showed that this will cause the effective conductivity k to exceed k,, and it 
may even approach ky. 

The proper application of his ideas to the theory of the geomagnetic varia- 
tions S and L was rather long delayed. Successive approaches to the appli- 
sation were made by MARTYN [15], Hrrono [16], K. MAEDA [17], BAKER and 
MARTYN [18] and FEJER [19]. As a result, the dynamo theory of S and L no 
longer seems at variance with the radio data; moreover the theory of k is. 
found to give a satisfactory explanation of a peculiarity [20, Ch. 7] of S, first 
discovered at Huancayo in 1922, and later at other stations near the magnetic 
equator, where the daily variation of the horizontal magnetic component H 
is at least twice as great as in nearby latitudes. An investigation by A. A. 
GIESECKH has shown that the abnormality is confined to a belt of magnetic 
latitude only a few degrees wide. This indicates a local intensification (called 
by CHAPMAN [21] an electrojet) of the S current system, during the day, along 
the magnetic equator. This is accounted for by a peculiar enhancement of k 
in that region, associated with another conductivity coefficient k,, defined by 


(6) ky = ky elk 


It is appropriate to call ks the Cowling conductivity. 


2. — The Standard Conductivities k, to k,. 


At each point the ionosphere must be almost exactly neutral electrically ; 
hence 


(7) Ne n_ N. 
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Let the suffix i refer to ions of either kind, of total number density n,; then 
(8) N= Ny +N. 


In the present state of knowledge it is appropriate to ignore the differences 
between the masses of the (+ and —) ionic and neutral particles, and to write 


(9) is == MN. = My, = m., 
where m denotes the (mean) mass of the neutral particles. Hence also 
(10) O_o 
Let the positive magnitudes Y,, X,, X_, 4; be defined by 
(11) X=|v/@|= myfeP, 


with suffix e, +, — or © to all four symbols X, m, v, w. Then (1), (3), (5), (6) 
may be re-written in the form 


12 ae: efn Ml “= Vea 4 2n_e 
2) ST ER O PO ike 
; e f Ne nN; 
(15) arma AR 
Ne 1 di | ae 2n_e 
TALE ELE ae 1 2) 
Ne at ib i 
do mere È Pasi; 


where it has been assumed that 
(15) VV 


Baker and Martyn [18] ignored the presence of any negative ions, that 
is, they took 


(16) N03 
in which case the last terms in (12), (13) would vanish, and k; can be expressed by 


7 NC BE SE OG a ODE, 
(17) Ta Linea YX 


ko < ko; (n_ = 0), 
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they discussed the height-distribution of the conductivities k, to k, on the 
basis of the formulae (1), (3), (5), (6), and on the supposition, suggested as 
«reasonable » (1. c., p. 287), «throughout the important conducting regions 
of the ionosphere », that the ratio of the (positive) magnitudes of ©./v, and 
©;/v; is independent of height. In the notation of (11), this means that X,/X, 
is independent of height; throughout much of the ionosphere it is a large number, 
for which they adopted the value 1650; but actually it decreases greatly from 
80 km, where it is about 3000, to 300 km. 
Let s be defined by 


(18) gs=4in(X,/X%) 4 a (mam), or AG Me 


If X,/X, has the value 1650 adopted by BAKER and MARTYN, s = 3.70. 

Let A, and A; denote the heights at which XY, and X, are respectively unity, 
that is, at which (ignoring signs) ©, = r, and ©; = v;. Let w denote the 
function of the height h defined by the equation 


(19) u=—+Iln(XX,)=]ln(eF)-3In(mmwvyvi;). 
Then 
(20) X,= exp[—s—u], XA, =exp([s— uu]; 


v is zero at the height h,, at which 


(21) ASX 


Fyfe ia cee ee te (u = 0) 


If the slow upward decrease of F is ignored, m, and ©; are independent of h 
and v; ©, is much the greater, in the ratio m;/m,; hence X, and X, vary with 
height like v, and »,, and so long as nm, is much smaller than »,, the neutral 
number density, v, and v; vary as n,: in an exponential atmosphere this varies 
as exp{—h/H], where H is the scale height; in these circumstances, if s is 
constant, the «level» v can be identified with (h— h,)/H, that is, as the height 
measured from h,, in scale-height units; in less special circumstances, « will 
be a fairly simple increasing function of h— hy. 

By means of (20) the equations (12)-(14), (17) can be expressed in terms 
of the «level» w as follows (n_ being zero): 


(22) k,E[ne = 2e" cosh s = &, ; 
k,F/n,e = 3{sech (u + 5) + sech (w—s)} = 


2 cosh s cosh u 


FÉ, cosh 2s + cosh 2u ni; 


1) 
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sinh 2s 


(24) k,F/n,e = : = = jhe 
cosh 2s + cosh 2u 5 
(25) k,F/n.e = cosh s/cosh u = k, ; 
also 
(26) k,/ky = sinh s/coshu, k,/ky =1—-+e™>1. 


These equations are valid (when n_ is zero) whether or not s varies with height. 
The equations (22)-(25) may be regarded as giving the various « standard » 
conductivities per ion-electron pair, k/n,, these having the values (e/F)k', with 
appropriate suffix 0, 1, 2 or 3 to k and k’. 
The quantities k’ have the following properties as functions of the « level » w, 
in the special case when s is independent of the height: 


(a) k, increases upward exponentially, to infinity; at w = 0, %/ is 2 cosh s 
PANG it, Kat y= 1680); 


r 


LI 


/ LU . 
(6) k,, k,, k, are even functions of wu; 


DI) 


(c) k, has a minimum value sech s at uw = 0, and it has equal maxima 
near u = +s; as e?* is a large number, the minimum value of ki is small 
(e.g., if e?? = 1650, sechs = 0.049); the peak values of k, occur al wy — 
= + (s—e-**), and are equal to 4+e-?*, if one ignores e-‘4* and still smaller 


terms; 


(d) k, has a single maximum at uw = 0 (that is, at the height h,); the 
peak value is tgh s, or (to the same degree of approximation) 1 — 2e~**, almost 
pracilyo litro? = 1 650 


(e) k, likewise has a single peak value cosh s (equal to 20.32 if e?* =1650), 
at the same level wu = 0 or height hy; 


(f) xi has a flatter maximum than k,; e.g., at u = +5, k, is } tgh 2s 
(almost exactly 4), and fis is exactly 1; thus the ratio of the peak value at 
u= 0, to the value at w= +5, is 2 for ks and coshs (or 20.32 if e?* is 
1650) for k,; 


(g) at levels well below u =—s (or h = h,), ki and k, tend asympto- 
tically to equality with %,, whereas 4) decreases (for large negative values 
of «) much more rapidly; 

(h) at levels well above «= s (or h=A,), where ki, tends to infinity, 
ki and kj tend to zero as 2u-“ cosh s, and kj) tends to zero much more rapidly, 


as 2e-“ sinh 2s; hence despite the flat maximum of %,, the range of w over 
which k/ exceeds any chosen small value is more restricted than it is for kj 


89 - Supplemento al Nuovo Cimento. 
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and ki; if for the latter the range is beween + «,, and for kj it is between 


+ u,, then approximately 


UU: = 3(% SIG 
the error here (to be subtracted from the right-hand side) is ew; this result 
is a good approximation when wu, > 3s, wu, > 28; at vu, = 3s and wu, = 2s the 
functions ki and %j respectively have the values e-?*(14- e72*), which are both 
very small and very nearly equal; 


(i) the indefinite integrals |k'du have.the following values; 


for ko: 2e“ cosh s ; 
» ki, tgtets + tee = cot X, + cot? X; ; 
i exp [2u] + exp[— 2s] Sp ee 
» ks; sla = in —{; 
i exp [2u] + exp[+ 2s] 1 + ¥? 
aes 2 cosh s tg-1 e = 2 cosh s cot-1 (X,X,)} ; 


(j) the complete integrals 


k' du 


have twice the values of the complete integrals from — co to 0 or from 0 


to co, in the case of the even functions kj, kj, kj: and their values are: 


for ki, Ts 
» ki, 28, 
ya (hi; mx cosh 8 . 


Tf es = 1650, the numerical values of these three complete integrals are 3.14, 
7.41, 63.8: 


(k) the ratio k,/k, given by (26) has a maximum value sinh s (equal 

to 20.3 if e? = 1650) at w = 0; the ratio k,/k, also has a maximum at « = 0, 
the peak value being cosh? s (= 413 if e?* is 1650); for large values of | 2 | 
the ratio k,/k, tends to 1; at uw = 0, k/k, = 2 cosh? s (= 826 if e?* is 1650). 
The equivalent of property (k) was stated by BAKER and MARTYN [18], 
and some of the other properties listed above can be recognized in their Fig. 2. 
this plots k/n, (with suffixes 0 to 3) against 1/X; (which they denoted by 
tg x;), both scales being logarithmic; thus their scale of ordinates is a linear 


THE ELECTRICAL CONDUCTIVITY OF THE IONOSPHERE: A REVIEW 1393 


Scale of height logarithmic; thus their scale of ordinates is a linear scale of 
height, if the atmosphere is exponential, and if the other assumptions above 
mentioned are adopted. 


2°5- 1500 


I 


| k 
| 
È sissi SSeS eee | fe eae es TTT I SET LI IT Ye ee 


+01 01 1 10 100 1000 


Fig. 1. — The height-distribution of %, to k,; these numbers, multiplied by 1.60- LOS oie 
where / denotes the geomagnetic intensity in gauss, give the electrical conductivity 
(emu) per electron-ion pair. The graphs refer to a model ionosphere with constant 
scale height H, in which the ratio »,/v; of the electronic to the ionic collision frequencies 
is independent of height. The ordinate w then denotes height measured in units of 
amount H, from the level where »,v; = ©,0,;, where w denotes the spiralling frequency 
eF/m. The ratio v,/w; is taken to be 1500 times »,/w,: The k’ scale of abscissae is 
logarithmic. See equations (22)-(25). 


Fig. 1 shows the graphs of the functions log, k’ in terms of the ordi- 
mates 7, for AIGLX, = € = .2000. 


3. — Discussion of the Conductivity Formulae. 


The formulae (1), (3), (5) for X,, #1, and k, are derived by the crude argu- 
ments of the mean-free-path theory [12, Chs. 5, 6; 20, pp. 527-532], whose 
merits are simplicity and illumination (not always reliable); accuracy it cannot 
claim. In some cases it gives formulae that are qualitatively correct in im- 
portant respects, but there remains uncertainty at least as regards a numerical 
factor. The collision frequency » that appears in (1), (3), (5) is a conception 
that has a definite clear meaning only when the particles of the gas are envi- 
saged as rigid elastic spheres. In this case, in a mixed gas in equilibrium, the 
expression for » for each kind of particle present (1), Ovni Isnown [125 


pp. 90, 91]. 
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; 7 2 x 

Let o,, 03, ,.. denote the diameters of the particles of the kinds 1, 2,..., 
and n,, #,, ... their number densities, and m,, m,,... their masses. Then vi}, 
the collision frequency for a particle of kind 1, can be subdivided into parts, 
(27) Vy = My + Via 1 Vis e 
where »,, denotes the average number of collisions per second of a particle 
of kind 1 with particles of the kind s; and 


DI 6 ì 
(28) vi = 4n,02(xkT/m,)* , vi, = 4n,02, (ak Tm,/2m,m,)? , 
where 
(29) Oi, = (014 02), My = Mt Ma; 


and k denotes Boltzmann’s constant (1.380-10-1%). Note that, in general, 
(30) Vig # Var. 


Proper quantitative calculation of the electrical conductivity of an ionized 
gas is attainable only through the method initiateds by BOLTZMANN and MAx- 
WELL, which depend on determining the distribution functions for the velo- 
cities of the various kinds of particle present in the gas. The simplest type 
of ionized gas is a binary mixture of positive ions (all alike) and electrons or 
negative ions (all alike); this case is discussed in [12], both in the absence of 
a magnetic field (p. 320) and when such a field is present (p. 335); the results 
will be briefly indicated. 


3'1. A Neutral Binary Fully Ionized Gas. - The conductivity of a neutral 
binary mixture of particles carrying opposite charges ei, e, is given [12, p. 320], 
in the absence of a magnetic field, by 


(31) ko = — M6;6,Dys]kT = — oe,e,/m my , 
where 
(32) n= + Na, Me, + 1.6, = 0, vy = okT/nmm,.D,, ; 


0 = MM, + Nm, = 01 + 02; 


and D,, denotes the coefficient of diffusion for a binary gas composed only of 
particles 1, 2. The quantity » defined by (32) has the dimensions of a collision 
frequency, and will be called a (conventional) collision frequency. 

In the presence of a magnetic field F, first approximations to k, and k, 
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are given by the combined formula (in which è denotes the square root of — 1) 


(33) [Ay + th. = [Ro]:/(1 > infr) ; 
where 
(34) ue = elim, © = my 


In (33) and later formulae, enclosure in square brackets with exterior suffix 1 
denotes the first approximation. 
Thus (33) reduces to [ko], when F = 0, and when F + 0 it gives 


(35) [Arh = [hov?/(w? + v?)], , [kx] = — [Koor/(0® + v°)]. 


Let the particles 1 be the positive charges, and the particles 2 the negative 
charges. Suppose that the latter are electrons, so that m,/m, is very small. 
Then in (1) only the first term need be considered, and [Ko], according to (31) 
is equivalent to n,e?/m,{v],; thus (1) gives the first approximation to k,, pro- 
vided that v, in (1) is interpreted as being [y],; this depends [12, p. 165 (1)] 
only on the collisions between the oppositely charged particles. When these 
are regarded as behaving like rigid elastic spheres [12, p. 245], 


(36) Bie eee Pe 


eae 
nor, \2am mf 


so that (when m,/m, is negligible) 


(37) (vl = 3%» 


where »,, is given by (28). But of course charged particles do not behave as 
rigid elastic spheres; they interact according to the inverse square law of 
attraction. In this case, using the appropriate expression for 1),,[12, p. 245 (2)], 
[vy], is given, when m,/m, is negligible, by 


_ (2a\t ee; 
(38) Di = (0) (2) eye 


where 4,(2) is a pure number, whose value will be discussed later (Sect. 3°2). 
As regards k,, the accurate first approximation given by (35) reduces to the 
first term of (3), with », replaced by [v],; thus in a gas consisting only of 
electrons and positive ions, k, will not include the ionic term, which in the 
conditions discussed in Sect. 2 gives rise to the upper maximum of k,, cor- 
responding to the term sech (u— s) in (23). Similarly the first approximation 
to k,, given by (35), reduces to the first term of (5), so that k, does not vary 
as discussed in Sect. 2. 
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Tn the case of an electron-ion mixture, the later approximations to %, and k, 
differ notably from the first approximations. Cowrrne [13, p. 459] indi- 
cated that 
(39) Cor SR [Kole == 4.88 [e]; 


where the suffix 2 outside the square brackets indicates the second approx- 
imation. LANDSHOFF [22] and SPrrzeR and HArm [23] made similar esti- 
mates of the correction necessary to the first approximation. 

These calculations bear on the ionosphere only at levels well above the 
F, peak, where the air may be almost completely icnized. For the major part 
of the ionosphere the simplest model is a ternary mixture consisting of particles 
of three kinds, (1) positive ions, (2) electrons, and (3) neutral particles. 


3'2. A Neutral Ternary Partly Ionized Gas. — The conductivities for a 
ternary ionized gas have been given, to a first approximation, by COWLING 
[13, p. 464]. His result, when the particles of kind 3 are neutral, is 


(40) [k, + th. ], = toL'/FL , 
where, remembering that 
(41) Wey == Nees — (0 


L and ieL'/F may be expressed as follows: 


(42) L= F'o2nyn.e1e, — 1F 0 {Ossmiex(0 — 20,) + 6,2%2€2(@ — 20»)}— 
— 07(642013 + 021003 + 031082) è 


(43) ioL'|F FA one? (Ors si he 


In these formulae 6,, is defined by 


(44) dar = ee [Yor] Se: das une = Br È) 
Oa + Or 905 = pel Darla 
R 8 29 Ù 3 
(45) [Yara ey 00% ee di Ei 5 
3 lm,jm,(m, + Mr) 


So that in the case of a binary gas v,» is conformable to the collision frequency 
defined by (32). Note that 


Var = Vra 3 


thus differing from the property (30) for the collision frequencies defined for 
a gas composed of rigid elastic spheres. 
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It is not difficult to show that when n,; + 0, (40) becomes identical with (Sone 

COWLING showed [13, p. 464] that if (a) the neutral particles greatly out- 
number the ions and electrons, and (b) the collisions between the latter are 
few compared with their collisions with the neutral particles, (40) is closely 
equivalent to 


a ll me, Nse5 
(46) La pi. 
Mi(Vig + 104) Ms(Vo3 + 103) 
This agrees with (3) and (5), when »_ = 0, provided that », and », are inter- 


preted as v;3 and v,; respectively, which depend on collisions of the corres- 
ponding particle (kind 1 or 2) with the neutral particles (kind 3). 

A slight addition is here made to the discussion by CowLING [13], by con- 
sidering the form taken by the first approximation to %,-+îk,, when condition 
(a) but not condition (b) is satisfied. 

The laws of force 1, 3 and 2, 3 acting between the neutral particles (3) and 
the ions (1) or the electrons (2) are not yet known, for encounters with thermal 
speeds at the temperatures occurring in the ionosphere. Hence it is appropriate 
to express 0 and v and D in terms of equivalent diameters 013, 03, as in (36), 
remembering, however, that these diameters are merely conventional, and may 
not be independent of the violence of the encounters, that is, they may vary 
with 7. 

As a basis for his brief numerical discussion of the ionospheric conductivity, 
CowLING [13] adopted the values 


(47) O13 = Cin = 5.9-10-# (300/T)*, 
(48) 023 = en = PAM! 


(recognizing their uncertainty). NICOLET [24], followed by H. Manpa [25], 


took 


(49) Ga oy = 144 108 


they both adopted the value (47) for 0,,. 
By (44), (36), denoting by W the molecular weights of the ions and neutral 
particles (taking them to be the same) it follows from (47) that 


(50) V3 = Vin = 2.6-10-9(n, + n3)W?, 


and from (49) that, in agreement with NrcoLer [24], 


(010) he = Voy = 5.4-10-n,T? . 
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Hence, ignoring n, in comparison with #3, 

(52) iP 4.8/(TW)} . 

Thus if W= 25 and 7 has the values 300° or 1000°, v.3 (=) exceeds % 3 


(or v;,) in the ratio 17 or 32. 
By (38), in which e, and e, must be given their values in electrostatic units, 


(53) Mad {34 L 4.18 log (Tin) nf 7 5 

where the value for A, (2) adopted by NIcoLET [24] has been used; it is based 
on the Debye cut-off, but remains uncertain by a factor of order unity. 
Hence at a level h, (about 120 km), at which we may estimate 7 as 300°, 
n, as 10°, and n, (or ny) as 107, 


(54) The = Dy, Ac Von =a ‘93507 ren 


and at a level in the F, region where we may estimate 7 as 1000°, and n, 
as 105, 


(55) REI (O RE ARIA, ES 0 


Estimates of n, in the F, region have ranged widely; CowLING [13, p. 474] 

adopted the value 4-101!, MAEDA [25] the value 4-108. In either case it is 

clear that »,, (= v;.) is large compared with »,; (= »;,) in the F, region, and 

also large compared with vg (= en), if Mm, is 4:108; but if n, is 4°10, »,, 

(= v.;) is only about twice as great as v.3 (= ven). Near the E peak »,; is of 

the same order as v;,, but it is less than »,, by a factor exceeding 10. 
Taking n, = n,, and ignoring #/n3, 


(56) 03/013 = 1.13-10-4(T/W)}, 


so that 0, can be omitted from (43). Omitting also appropriate terms in L, 
(40) becomes 


Lat ; Ne 030 Vig + Va al 
f k UKs Jos Se a st he 
( 7) [ 1 * ah P lors Ws i 


When F=0, the right-hand side reduces to n.e?/m.y,., where 


(58) Ve = Via + Vas = Ves + Ven è 


When » is zero, the term 03©/0v, in (57) vanishes, and (57) becomes equi- 
valent to (33). 
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When 7,/ns is small, so that 03/0 can be replaced by unity, (57) may be 
expressed in the form 


Ne 


(59) [Ay + dk] = F 


/aix, sane] 
in the notation of (11), taking 
(60) Alia o 


In the notation of (20), 


x y Ne 
(61) [k, + tk. ], = = /e exp [— s] cosh u — 1), 
so that 

7) DI 4 SiG Tai 
(62) tane ne 2 PI dg cOn u 
E 14+4exp[— 2s] cosh? « 
. NC 1 
(63) [kel = 


F 1+ 4 exp[— 2s] cosh? wu’ 


These formulae agree with those of Sect. 2 for k, and k,, if e-?* is regarded 
as negligible compared with unity; this, however, is not the case at the higher 
levels. Hence it is of interest to indicate the corrections to be applied to the 
formulae of Sect. 2 for k, and k,, to bring them into accordance with the first- 
approximation formulae (62), (63). These additive corrections are 


x(3—x+ 4xcosh?u) , Dal —w — 207 cosh? 1) 
SS See a — —_______________________ ,, 

(1 + x)(1 + 4x cosh? u) ”’ (1— x2)(1 + 4x cosh? u) ©’ 

ill cuenta: t2228: 
Thus at «= +s, these corrections are 
a(4 + 7 + a?) I “(2 — 3x + 2a? — x) 
2+ 497 + 3a? + 23 Pe (1 — w?)(2 + 2a + a2) : 

At u =—s (the level h, where X, = 1), « is very small, and the corrections. 


are respectively — 2xk,, — xk.; even at u =s (the level 4, where Ay =") 
x is of order 10-%, so that there also the corrections are effectively — 20k; 
——wvk,, and are negligible; naturally this is so also at the intervening levels—for 
example, at wu = 0 they are — 3rk, and — 2vk,. But when u/s is large the 
corrections tend to the values 


peda and 04,22), 


which there may not be negligible. 
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3°3 The heights h., ho, hi, and the ratio X,/X.. 
The height h, (at which u =—s) is that at which », = o,; at this height 
is v4 (or »,;) is negligible compared with v3 (Or ven); hence at %,, by (51), 


34 he == 3.25 108 
(64) 3 


that is, taking 7’= 230°, n3 (or n,) is 6.4-10!4 at the magnetic equator, and 
12.8-10™ at the magnetic poles. According to the Rocket Panel (White Sands) 
atmosphere [26] this corresponds to about 78 km and 73 km. But the atmos- 
phere above the magnetic equator and poles may materially differ in height- 
distribution from that at White Sands, so these estimates are uncertain by 
at least 5 km. 

The height A, (at which wu = s) is that at which »; = ©;, or, according 
to (50), neglecting n, in comparison with 7; , 


(65) Ny = Ny = 3.7-102F/ Wt. 


Thus, taking W= 25, at the magnetic equator n; must be 2.2-1011, and at 
the magnetic poles, 4.4-10!; the heights at which these values are attained 
are uncertain, because they are determined by the unknown 7 and W in the 
ionosphere. According to MAEDA [25, Fig. 2] these values of n3; correspond 
to heights of about 135 and 130 km respectively; but if 7 increases upwards 
more rapidly than he supposed—following KALLMANN [27]—namely 2°.5/km, 
the heights would be greater by several km. 

Hence h, may be estimated as about 105 km (perhaps rather more) at the 
equator, and 100 km at the poles; these heights are uncertain by at least 5 km. 

Between the heights h, and h, the values of n_ may not be negligible, as 
has been supposed in the preceding discussion. According to BATES and 
Massey [28], n_/n, is not more than unity, and perhaps much less, at 
f= LOO km: |29%. 

The ratio X,/X, is given, by (11), (51)-(53), as 
(66) Xi  1837W», 1837 Wi 


KG Va + Vas Dee Se 


If W= 25, at the height (in the E region, at about 120 km) to which the 
ralues (54) refer, 


(67) Ko iy (120 km). 


At the height %,, taking (as a mean between poles and equator) n,=3.3-104, 
and == 400"), = 2-102, 


(68) XX = 1208 
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At the level in the F, layer to which the values (55) refer, if n, is taken to 
be 4-10%, X./X, is 126; if n, is taken to be 4-10”, X,/X, is 450. Thus, the 
assumption made by BAKER and Martyn [18], and followed in Sect. 2, 18 
moderately accurate up to about 150 km, above which AX;/X, decreases con- 
siderably, owing to the high frequency of electron collisions with ions. 


4. — Numerical Illustrations. 


To calculate the conductivities k, to #3, it is necessary to know the height- 
distribution of 7, W, and n,. All three are uncertain within limits wide 
enough to justify, at present, only approximate illustrative calculations. It 
seems useful, however, to give these in some numerical detail, as being helpful 
in estimating how far the results for other data would differ from those here 
obtained. Such calculations will be described here, for the height-range 80 
to 300 km, taking n_ = 0 over this range. 

Two model 7-distributions are considered, both alike from 80 to 90 km, 
where they agree with the Rocket Panel data [26] for White Sands. Above 
this level 7 is taken to increase uniformly by either 3° or 6° per km; at 300 km 
the temperatures attained are respectively 850° and 1480 °K, giving a cooler 
or hotter F layer; the values of various characteristics of these two model 
ionospheres are given in Table I in pairs of rows, marked respectively ¢ (cooler) 
and 4 (hotter). The mean molecular weights of the ions and neutral particles 
are taken to be the same at each level (though this may actually not be so), 
and to be 29 from 80 to 100 km; then they lapse uniformly to 25 at 150 km, 
and again uniformly, but more slowly, to 19 at 300 km. The value 23 at 200 km 
would correspond to complete dissociation of O, at this level, and the value 19 
at 300km would correspond to the dissociation at this level of 7/19 of the 
nitrogen. The adopted lapse rate of W in the interval 100 to 200 km may 
be too small, though turbulent mixing will tend to maintain some undisso- 
ciated O, at levels where in a static atmosphere it would be almost wholly 
dissociated. The same distribution of »,, the neutral particle number den- 
sity, would be obtainable with a more rapid lapse of W by adopting lower 
values of 7 in the region affected. 

Taking the variation of gravity into account, n, was calculated for each 
height 80, 90, 100 km, and thence at 25 km intervals to 300 km. 

The adopted distribution of n, is a smoothed version of that given in a 
graph of n, as a function of 4 by SEDDON, PICKAR and JACKSON [30], for the 
atmosphere over White Sands; it is based on rocket measurements up to 
219 km, and from thence to 300 km on vertical-incidence radio-sounding from 
the ground. The minor fluctuations in the graph are disregarded, and also 
the existence of any negative ions above 80 km. The electron density n, 18 
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taken to increase uniformly, though at different mount (*) rates, betweem 
80, 90, 100 and 150km, at which its adopted values are 103, 104, 10° and 
2-105: it is taken to remain at this last value up to 200 km, and then to increase 
uniformly to 3-10° at 300 km. This was the peak value above White Sands 
at the time, 10 a.m. Mountain Standard Time, of the rocket launching on 
May 7, 1954. The peak F, values, 3-105, may be exceeded at other times and 
places; estimates have ranged up to 10° or even 2-10°. The model distribution 
of n, here adopted, being a smoothed version of the one given in [30], does. 
not indicate the E peak or any lapse of n, above the E peak and the F, 
« shelf »; provided that n, at the E-pause, above the E peak,.does not fall 
much below the E peak value (and this is the implication in the graph quoted 
from [30]), this smoothed version of », is adequate for illustrative calculations 
such as are here presented. 

At the ground the magnetic intensity F at White Sands is 0.53 gauss. In 
the ionosphere F is taken to have the constant value 0.49, which is its approx- 
imate value at 150 km. Thus ©, is taken to have the constant value 8.62-10°, 
and @, is 4.69-103/W. 

These data enable the collision frequencies, the ratios X., X,;, X;/4,, and 
the conductivities k, to k; to be calculated; Table I gives the results. To save 
space in printing the Table, numbers of the form N-10” are given in the 
form: .N™. 

The conductivity k) increases upwards, over the range considered, though 
with a varying mount rate. The conductivities k,, k., k; each have one peak 
in the range considered. The heights considered are too few to enable the 
peak values and levels to be adequately inferred: hence additional calculations 
were made at appropriate intervening heights. 

The peak values and peak levels of k,, k,, ky for the two model ionospheres. 
are approximately as follows in Table II. 


TABLE Il. — Peak Levels and Values for the Electric Conductivities k, to ky for Two Model 
Ionospheres above White Sands, New Mexico, one (h) with a hotter F layer, the other (c) 
with a cooler F layer (see TABLE I). 


Peak Level | Peak Value 
Model 7 cae E ai 
h | $50 a 
h | e | h e 

ky 147 km | 136 km | 2.9-10-15 2.8-10-15 

| 127 km | 126 km 4.5-10-15 | 4.3-10-15 
| | | È 
| ky 102 km | 102 km SO | SHOIO=te 


ok la ni Se me . o 2 E 
(*) The term mount rate, the antithesis of lapse rate, is used in reference to the 
height gradient of any property that inereases with height. 
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The distributions of the conductivities near their peak levels are shown in 


io 9. Se ied " + ae 
Fig. 2; the layer in which the Cowling conductivity k,; exceeds a tenth of its. 
Maximum value is much thinner than the corresponding layers for k, and k, 
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Fig. 2. — The height-distribution of the standard electrical conductivities ity, to! hy im 

two model ionospheres over White Sands, New Mexico, from 80 to 250 km heieht. 

The adopted electron density distribution is shown in the upper part of the diagram. 

The scales for k, and k, differ by a factor of 10 from those for ky and ks: Of the two 

curves for each k, the one for the ionosphere with the cooler F layer (see Table I) is 
distinguished by a few dot marks, e.g., at 150 km. 


The integrated conductivities in the ranges between the heights in Table I 
are approximately as follows in Table II. 

The total integrated conductivities K,, K,, HK; are estimated to be as 
follows in Table IV. The values obtained by BAKER and MARTYN [18], H. 
MAEDA [25] and J. A. FEJER [19] are given for comparison. These values 
| show as good agreement as could well be expected in view of the different 
bases of the calculations. 

Table III shows that the ionospheric conditions above 200 km have little 


| influence on the results. The present calculations confirm the conclusions 


1406 S. CHAPMAN 


reached in the earlier discussions cited, especially the conclusion that for the 
Cowling conductivity k, the effective layer is the lower part of the E region, 
and is thin. 


Tage III. — Contributions of Different Layers of the Ionosphere to the Integrated Electric 
Conductivities for the Model Ionospheres (h, c) of Table I. 


| Limits of interval: km. 80 = 90 = 100 125 — 150 =—175 -200- 225--250--275| 


| Ih 10° f ky dh | (| 07) | 513) 6.00 | 4.50 |) 1.50 707) 35 | 1208 
| le 10° f k, dh == || 07 | 1.80 |6:00-1"1-88-] 2.90 210 05 A 
| | 
2h 10° f ky, dh TF {USO 2075875 ere] 
De. 10° ( k,dh .17.| 1.80 | 9.60 | 5.75 80‘! 03) | 
| | | 
3h 108 [ky dh 20 | 4:55 | 13.00 | 2.28 | .62| 17) 05) | — | 
3e 108 f k, dh | .20 | 4.65 | 12.75 | 1.37 | .25 | .05 | — | — 
Taste IV. Various Estimates of the Integrated Electric Conductivities. 
* ; a 7 | 
IK, 10°K, | 108K, 
INO Mele Tin: ele pr 14.4 22.5 20.8 
MOGel Gratis Oita ras St og arene eel 9:9 17.8 | 19.3 
BAKER and MARTYN ...... | 6.4 | 13.6 16.4 
HR MAD A. ats 4 sees caleeecn ees | 6.7 9.8 | TOTO 
Jn Ay Enupr (*) (equator) ti 6 — 21 | 18 
(*) This author expressed the Hall current as k,.E x F, so that his %». is negative. 


The value of A; is much influenced by the height of the level x = 0 in 
relation to the n, distribution; « = 0 is defined as the level where X,X,=1. 
In the model ionospheres here adopted, this level is 100 km, below which n, 
rapidly decreases; the contribution to A, from below this level is about a third 
of the whole. Owing to the flatter peak of the %) graph (Fig. 1) the proportion 
of the contribution to A, from below = 0 is still less, only about 10%. 
Almost the whole contribution to A, comes from above « = 0, as might be 
expected from Fig. 1, because the electronic contribution associated with the 
lower peak of %j, where n, is extremely small, is negligible. 

The graph of v, given by H. MAEDA [25] shows a minimum value (about 
7:10?) at 170 km, above which v, increase to about 2-10* at 300 km, where 
his value of », is 10°; his model atmosphere corresponds roughly, as regards n,, 
with the e model here considered; if for this model n, were taken to increase 
to 10° at 300 km, », here also would have a minimum value below this level. 

MAEDA adopts another (partly rocket-measured) version of the height- 
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distribution of n,, showing as many as 6 peaks; these are reflected to some 
extent in his graphs of the height-distribution of the conductivities. 


5. — Horizontal Electric Current Flow in the Ionosphere: the Layer Conduc- 
tivities. 


In the ionosphere the electric current flow must be almost exactly hori- 
zontal except at special points. Vertical component electric currents tend to 
produce opposite charge distributions in the upper and lower parts of the 
ionosphere, thus polarizing the layer, and adjusting the vertical electric field 
to a value that stops further vertical flow. In the ionosphere the electric 
fields change throughout the day, and the polarization also changes, so as 
to limit the vertical current flow to the almost zero value needed to adjust 
the polarization. 

At any point in the ionosphere let right-handed axes be taken along the 
unit vectors i, 7, &, in the magnetic south, magnetic east and upward vertical 
directions. Let f denote the unit vector along the local magnetic intensity F 
(= Ff); if I denotes the magnetic dip or inclination, reckoned positive where 
the north end of a magnet dips below its south end, 


(69) f=— Ci—S8k, 
where 
(70) C= cos. tT, (feed) ba 


The components E,, E, of the electric field, along and normal to F, are given by 
(71) Ee == (Ef) f, E, =E—E,, 
and the electric current intensity J is given by 


(72) J= koE; =f k,E, =r kif XE 
—kE+k(E-f)f+%fxE, ki = Ito — lu. 


By taking the vertical current component (J-k)k to vanish exactly, the re- 
sultant vertical component of E is required to have the value given by 


(73) AH, =—KSCH,+ h,CH,, A = ky S® + hy C?- 
Substituting this value in the formula for J, the expression for this horizontal 


90 — Supplemento al Nuovo Cimento. 
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vector becomes 


(74) FS Ng e Kiyy Lat — Nay XE 

or 

(75) J tome: Mell ote EL 

where 

(76) bo bk, dA 


The conductivities k,,, %.,, k,, may be called the layer conductivities. At 


the magnetic equator ( = 0) 
(00) o Kyy = ke , ka, =O. (I = 0). 
At the magnetic poles (I = 90°), 


(78) RI (T= 907) 

The magnitude of the third term of J in (74) is k,,H,, where E, denotes 
the horizontal component of E; the direction is that attained by turning the 
vector E, through 90° clockwise (as seen from above) in the horizontal plane. 
If k,, much exceeds k,, and k,,, then J is almost perpendicular to E,; in ge- 
neral J is inclined to E,, except when the latter is in an azimuth g (reckoned 
eastward from magnetic south or north) satisfying the equation 


(79) Ci ea e ee es 
Ko da Kyy ky (Ko a ks) 0? 


This formula can also be written 


(80) ine a ee 


C? eH i : 


where H denotes the horizontal component of the magnetic intensity; (80) is 
valid up to the levels at which (57) begins to differ appreciably from (46) in 
the value given to |k,+7k,|,, and down to the levels, below h, (about 75 km) 
where the magnetic field ceases to influence the conductivity appreciably. 

At the magnetic equator, where I = 0, S = 0, the values of g at all 
levels are 0° and 90°: that is, J has the same direction as E, when + E, is to 
the magnetic east or south. 

At the magnetic poles, where k,, = k,,, J is always inclined to E,, and (80) 
has no real solution. At each level in the ionosphere there is a range of lati- 


) 
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tude, on both sides of the equator, up to which g has real values; this range 
is given by the equation 


(0 0) 


(81) +S = + sinI ={(X;— X,)? + 1 — (X,—X,). 
At low levels, where Y;— Y, is large, this range is bounded by the isoclines 
given approximately by 


(82) cosec Ll |= 2 (Xo — XG). 


Thus the belt of latitude in which at these levels J and E, can have the same 
direction is very narrow. At high levels, where X,— X, is very small, the 
belt extends nearly up to the poles, being bounded by the isoclines given 
approximately by 


1 


(83) cos I ={2(X,— X,)¥ 


In so far as the geomagnetic field can be represented by that of a dipole, these 
limiting approximations can be expressed by 


(84) cesta WS EM. eroe P (X, — X, large) 
(85) 6 ={(X,— X,)/8}4 (¥,— X, small 


where 7 denotes the geomagnetic latitude and 0 the geomagnetic co-latitude 
(reckoned from either geomagnetic pole). 


6. — Variation of the Conductivities with Latitude. 


The standard conductivities k, to k; each contain the factor ,/#, which 
decreases from the equator polewards, because n, decreases and / increases. 

The increase of F reduces ©, and ©,, and likewise the values of n, at the 
levels h, and h,, at which v,—o, and v; = ©;; the reduction of n, at the 
poles at these levels is by a factor of 2, corresponding to a relative rise of about 
3/4 of a scale height (the distribution of », in the ionosphere above the poles 
being unknown, the actual relative heights 4, or %, at the poles and equator 
cannot be stated at present. Owing to the greater obliquity of the sun’s rays 
(at noon) at higher latitude, the », height-distribution is raised relative to the 
n, distribution; at the poles (at the equinoxes) the rise is by more than a 
i scale height. The net effect on the integrated conductivities will depend also 
jon the unknown 7 distribution, which, as Table IV shows, affects A, consi- 
derably, and K, to a less extent. As the -distribution in the polar ionosphere 
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is unknown, no precise estimate can at present be made of the latitude va- 
riation of the K’s, but the preceding considerations suggest that they will 
materially decline polewards; this is suggested also by the distribution of the 
S currents. 

The layer conductivities k,, and k,, also decline from the equator to the 
poles, very rapidly at first at the higher levels. The layer conductivity Ky,, 
however, is zero at the equator, and has maxima with respect to latitude, 
north and south of the equator; at the higher levels these maxima occur very 
near the equator, so near that the variation of k,, depends mainly on the lati- 
tude-variation (there most rapid) of the magnetic dip J, and one can neglect 
the slow variation of n, and F near the equator. On this basis the latitudes / 
of maximum are given by d&,,/dt = 0 or dk,,Jdl = 0; this indicates that 
they correspond to 


1 


. 1 
Sin! == gia = 4) 
and that the maximum value of &,, is 


1 
kok/{2kx (Ko ca k,)} 2a 
or approximately 
(IoJ2k)*ks « 
The following Table V shows the latitudes and values of maximum k,,, thus 
calculated, at various levels, and illustrates in a striking way the rapidity of 


the variations of k,, near the equator, from zero there to these maxima. The 
values refer to the model ionosphere h. 


TABLE V. — Latitudes and values of maximum ky, at various levels. 
Level (km) 80 90 100 125 150 175 200 
Latitude 1 120 2.30 00.8 09.6 00.4 00.014 00.006 
Maximum k,, 4.617 eee Sa iL yt EROE Deli ive 


7. — Concluding Remarke. 


Up to the level (about 150km) where »,; begins to approach equality 
with »,,, any change of n, affects all the conductivities (standard and layer)) 
nearly proportionately; henee for White Sands the values ky to kz for any other: 
distribution of n, up to this level can readily be found from the values given) 
in Table I. Above this level the values of »,, have to be modified in proportion, 
to n,, and the recalculation of the conductivities % is more complicated. 
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The numerical results given in Table I may be modified by further exper- 
imental or other determinations of o,, and o,,; for example, if 02,07, should 
prove to be (say) 4 times greater than has been assumed, X,Y; (below 150 km) 
would be multiplied by this factor, and at 100 km the value of « would be 
changed from zero to — 0.69; more of the peak range of ki; (Fig. 1) would thus 
come into the region where n, exceeds 105, and #3 would be materially increased. 

The results here given refer to normal conditions: during a solar flare the 
electron (and ion) content of the D layer is enhanced, augmenting the S current 
system and its magnetic etfects. This case will be considered in detail in a 
later paper. 


I am indebted to J. 0. CAIN of the University of Alaska, and Miss MARION 
B. Woop of the National Bureau of Standards, for assistance in the com- 
putations on whieh are based the Tables and Figures in this paper: and to 
D. C. WILDER (University of Alaska) and the drafting staff of the National 
Bureau of Standards for the preparation of Figs. 1, 2. 
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Some Properties 
of the Meteoric E-Layer Used in Radio Wave Propagation. 


R. NAISMITH 


Radio Research Station - Slough 


1. — Introduction. 


During the « Congresso Internazionale per il cinquantenario della scoperta 
Marconiana della Radio » I described [1] some work or the exploratory pro- 
perties of radio waves and their application to the detection of Meteor Trails. 
This work on the ionization produced by the impact of sporadic Meteors on 
the ionosphere has been continued at the Radio Research Station at Slough 
and it now seems possible to identify an ionized layer in the upper atmosphere 
which is caused by these small projectiles. This paper deals with some of the 
characteristics of this layer and describes its properties for radio wave pro- 


pagation. 


2. — Meteor Ionisation. 


_ The luminous streaks in the night sky caused by the capture of meteors 
in the earth’s atmosphere are phenomena which have been observed for many 
centuries. This light comes from the luminous gas produced by the hot par- 
ticle and not from the particle itself. It is because this gas is ionized that we 
can observe it by radio reflection methods. LoveLL and CLEGG [2] estimate 
that there are about 8-10° sporadic meteors entering the earth’s atmosphere 
each day and that the total mass added to the earth each day is of the order 
of 1000 kg. This means that on the average, one particle of meteor dust 
weighs less than a milligram. A study of the velocities of sporadic meteors [3] 
shows that it is always less than about 72 km/s and it is deduced from this 
that there is no evidence of any large number of meteors originating outside 
the solar system. It is the combination of high velocity and enormous numbers 
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which make meteors one of the important phenomena occurring in the iono- 
sphere. The heights at which the meteor trails are observed visually are con- 
sistently near 95 km according to WATSON (1941) [4]. 


3. — Radio Observations of Meteor Ionisation. 


The visual observations therefore suggest that the phenomena occur within 
the. H-region of the ionosphere and, as there are already other types of echo 
obtained from this region it is necessary to devise some means of separating 
them. Thus, although a number of observers [5, 6] were convinced that meteor 
type echoes did exist it was not until special types of equipment, generally 
of the high power radar type, were available that the evidence became suffi- 
ciently convincing. It was with such equipment that we were able to show 
a close association between a sporadic E-layer reflection and a meteor shower 
associated with the passage of the Giacobini-Zinner comet [6]. Using higher 
radio frequencies Hey [8] and LoveLL [9] were able to identify various well 
known meteor showers and the latter was able to show for the first time [10] 
that a shower of considerable intensity occurred during the daytime in summer. 

Although part of the sporadic E-type of reflection was thus identified in 
association with meteors it was clear that all sporadic E-layer echoes were 
not due to this cause and the problem of further distinguishing between the 
various types then arose. Some were associated with magnetic and iono- 
spheric storms, some with reflections from Aurorae which occur about the same 
height, and it was suggested that some were due to turbulence [11], and some 
to atmospheric electricity [12] (not necessarily accompanied by lightning 
flashes) and there is a somewhat elusive increase in summer which is not satis- 
factorily explained by any of these observations or suggestions. 

It is thus fairly clear that the identification of a particular type of echo 
occurring in this region requires careful planning. A study of the echoes re- 
ceived during the passage of the Giacobini-Zinner comet showed certain char- 
acteristics which were exploited to produce the maximum difference between 
them and the various other types. 


4. — Characteristics of Meteor Type Echoes. 


In particular, it was noted that, although the meteor echoes included a 
large range of delay times, there was a consistent lower boundary indicating 
a height of reflection of just below 100 km at vertical incidence. Apparent 
heights greater than this were often due to laterally deviated signals from 


meteor trails not directly overhead. The heights of reflection were therefore 
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below most of the other types of E-region echoes and accorded well with the 
visual observations of the same phenomenon. An early observation of a marked 
diurnal variation in the number of echoes which corresponded to a similar 
variation in the number of sporadic meteors provided another clear indication 
of association. The marked intermittent character of the echoes could be 
clearly demonstrated when observations were made on a suitable radio fre- 
quency. Comparatively weak reflections were always observed from these 
ionized trails and this could be demonstrated again by making observations 
on a suitable frequency. Thus it is possible to record the higher layers in 
regions E and F in the presence of meteor-type reflections and the complete 
blanketing of the upper layers by a certain type of sporadic E-layer is never 
associated with the meteor-type of reflection. DIEMINGER [13] provides a 
figure for the reflection coefficient of low echoes of 1073 on frequencies round 
about 2 MHz and this seems to accord well with our own observations. 


5. — The Meteoric E-Layer. 


From these and other considerations referred to below it appears that a 
case has been made for the recognition of a layer in the E-region of the iono- 
sphere and to which we may attach, for convenience, the name of Meteoric 
E-layer. This Jeaves the term «sporadic E-layer » to denote ionization in the 
E-region other than that due to ultra-violet light or meteors. The highest 
frequencies on which these three types of E-region echoes occur at vertical 
incidence namely, ultra-violet, meteor and sporadic may then be denoted by 
the symbols fE, fEm, and fEs respectively. The meteoric E-layer echoes may 
be observed on normal types of h’f record as a lower fringe to either or both 
the echo traces from the normal and sporadic E-layers as shown in the 
Fig. 1. (Thanks is due to the Journal of Atmospheric and Terrestrial Physies 
for permission to reproduce the photograph and diagrams). The echoes from 
the meteoric E-layer may also be observed quite clearly on a record taken 
on a fixed frequency as shown at (B) and (C) in photograph 1. The frequencies 
selected are 4.2 MHz and 4.6 MHz. In the latter case it will be noted that 
whereas the reflection from the sporadic H-layer is due to the extraordinary 
component and occurs at a greater height than the reflection of the ordinary 
component (shown in B) the meteoric E-layer reflections continue to be re- 
ceived from the same uniform height in both photographs. This is another 
distinguishing feature of the meteoric E-layer and may be used with effect 
in cases where the ordinary component of the sporadic E-layer lies very nearly 
on top of the meteoric E-layer echoes. 

Still another distinguishing feature of the meteoric B-layer reflections is 
shown on the vertical incidence records by the absence of multiple reflections. 
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This readily distinguishes it from the sporadic E-layer and the absence of 
any form of critical frequency or cusp such as occurs in the normal E-layer 
distinguishes it from that layer. 

One example of an ionization trail due to the arrival of a meteor is shown 
in Fig. 2. This observation was made on the relatively high frequency 
of 30 MHz and the range recorded indicates that the ionization was not pro- 
duced directly overhead. (The lower echo traces are caused by reflections from 
aircraft). 


6. — Diurnal and Seasonal Variations. 


The meteoric E-echoes are observed on higher frequencies than all other 


forms of sporadic E-echoes for 70%, of the time in summer and 95%, in winter. 
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On occasions, therefore, when it is impossible to distinguish between them we 
may use this feature in looking at data produced over long periods. From 
an analysis of over 25000 hourly measure- 
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been obtained and plotted in Fig. 3. This 
shows that the echoes are present for about 
90% -of the time and that there is no 
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marked seasonal variation. There is a variation in the highest frequency 
on which they are recorded and this is shown in Fig. 4. There is also a 
marked diurnal variation which is shown in Fig. 5 and which is associated 
with a somewhat similar diurnal variation in the arrival of sporadic meteors 
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in the earth’s atmosphere as discussed above. The diurnal variation at va- 
rious seasons of the year is given in Fig. 6. Comparisons with the central 
meridian passage of sunspots and with the incidence of magnetic storms are 
given in Figs. 7 and 8 and these show no association whatever either in the 
number of hours recorded or in the highest frequency on which the echoes 
were recorded at vertical incidence. 


7. — Oblique Incidence Observations. 


There are various types of observation which may be due to reflections 
from the meteoric E-layer; although they have not so far been identified as 
such. For example, from a study of the long range navigation system referred 
to as «LORAN », BramMLEy and I show [14] that there exists a fairly well- 
defined layer lying between 90 and 97 km. The frequency used in this case 
was 2 MHz and the distances over which the measurements were made varied 
from zero to 1200 km. The fact that it is possible to use a navigation aid 
on this layer indicates a degree of uniformity in height which is unattainable 
either with the ultraviolet E-layer or the sporadie E-layer and we may there- 
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fore attribute this characteristic to indicating that it was the uniform height 
of the meteoric H-layer which was responsible for the accuracy attainable 
with this navigation aid. 

More recently BarLry and others [11] have shown that it is possible to 
Maintain communication over distances of 1250 km on a frequency (50 MHz) 
well above that which is reflected from the more normal layers. Although 
the authors favour turbulence as an explanation of this phenomenon they 
remark that the effect of sporadic meteor ionization could explain some of 
their observations. 

The author has also had an opportunity to examine some types of obser- 
vation over distances of 600--1500 km on frequencies in the 20 —30 MHz 
region which appear to be due to reflections from a meteoric E-layer and which 
will be published in due course [15]. 


8. — Conclusions. 


We may conclude therefore that there is a prima facie case for the sepa- 
ration of the ionization produced in the sporadic E-region by the impact of 
meteors, from that due to other causes. Reasons and methods of identification 
have been given for the recognition of the layer of the ionosphere in which 
the former is produced as the meteoric E-layer. 

The characteristics of this layer have been established by vertical incidence 
sounding methods. 

Certain special types of oblique transmission which conform to this idea 
of a meteoric E-layer are referred to and there should be an increasing amount 
of information available in the near future because it seems probable that 
the meteoric E-layer will be used for certain types of intermediate distance 
transmission (up to distances of 2500 km) using frequencies in the very high 
frequency (V.H.F.) band. 

The low reflection coefficient and the scattered nature of the transmission 
will place practical limits on the commercial development of this system of 
communication. On the other hand, the freedom from magnetic and iono- 
spheric storm effects is an attractive feature. The greater aerial efficiency 
which is possible and more readily attainable directional characteristics add 
to its attractions. Another advantage is the smaller amount of congestion 
in the V.H.F. band and, since the area of use is likely to be restricted 
to 2500km it is possible to share a common frequency beyond this 


boundary. 
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The work described above was carried out as part of the programme of 
the Radio Research Board. This paper is published by permission of the 
Director of Radio Research of the Department of Scientific and Industrial 
Research. 

The author also wishes to acknowledge the assistance rendered by Mr. W. 
M. Curris, who maintained an exceptionally high standard of measurement 
throughout the whole six-year period of observation. 
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Physics of the Iono- 


OSSERVAZIONI ED INTERVENTI 


— S. CHAPMAN: 


Can Mr. NarsmirH explain the sharpness of the meteor-ionized layer? One would. 


think that the meteors would have a range of mass, speed and inclination, so that they 
would form a layer of some thickness. 
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— R. NAISMITH: 


The sharpness to which I referred is, of course, relative to the comparatively large 
variations which occur in the lower level of the other ionospheric layers. Some idea of 
the actual variation in height of the meteoric E-layer may be obtained from the 
«scatter diagram » given in the paper « Time delay Measurements» which is referred 
to in the text. It is probable that the Meteoric layer is due mainly to the incidence. 
of enormous numbers of sporadic meteors which, on the average, weigh only a small 
fraction of a milligram. There is no complete explanation of this relative sharpness 


of the layer at present. I would prefer to leave the complete explanation open for- 
further discussion. 


N. 4, 1956 
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1. — Introduction. 


Karly observations of self-demodulation were reported in papers concerning 
experimental work on radio-interaction and gyro-interaction. 

The new phenomenon was accounted, by analogy, to the same mechanism 
of interaction, i.e. to a modulation of collision frequency of electrons, caused 
by the modulated electric field of a wave passing through an ionized layer. 

Later, when the interest of a systematic investigation on self-demodulation 
was recognized, the results of the experiments gave some surprise. In parti- 
cular, the modulation-frequency dependence of the demodulation was found 
to be quite opposite to the expected. 

Simple analogy with interaction seamed to show an effect decreasing as 
modulation-frequency increased. 

On the contrary the experiments gave generally as result an increase in 
demodulation as the modulation-frequency increased. 

Some times the increase began from a certain low value of modulation- 
frequency for which a minimum of demodulation was reached. 

New hypothesis were advanced to explain the phenomenon and its main 
experimental features. No entirely satisfactory theory has been proved true 
till now. 

Therefore it appears interesting to evaluate, on the basis of the theory of 
modulation of collision-frequency, the residual modulation to be expected. 

No attempt of this computation was made, as to Author’s knowledge. 


2. — Computation of Residual Modulation. 


The start of Bailey’s theory of interaction is the equation of motion of 
an electron in a gas, under the action of an alternative electric field. The 
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equation is 


oun ab 
(1) tino aG(y? — x) = w,(t) , 
where: y» is the collision frequency of the electron; 
Vo is the thermal equilibrium value of 7; 
a is the product of the mass of the electron by the square of 


mean free path; 


G is the mean relative energy loss in a collision. G is constant 
if the temperature of electrons slightly exceeds the temperature 
of the gas; 


w(t) is the mean value of the work done by the field on one electron 
between two consecutive collisions. 


Equation (1) cannot be integrated in general, because of its non-linearity. 

The Author has already suggested that exact computations, where neces- 
sary, were carried out by means of electronic analogical computers. 

An obvious solution for (1) can be easily found if w, = constant, i.e. if 
an alternative electric field of constant amplitude is applied to the electron. 
In this case, the steady state solution in given by 


; [ie 
(2) Vig rv | Tap 
T beig the thermal equilibrium energy of the electron = ja. 

If the electric field is modulated with a modulation-frequency n/27 and 
a modulation depth M, 


(3) € =c¢,(1- M sin 71) 
the work w,(t) can be expressed by: 
(4) wo(t) = w,(1 + M sin nt)? 


and an approximate integral of (1) can be calculated assuming that v varies 
by a small amount Av around the mean value »,, corresponding to the mean 
value of w,(t), neglecting the second order term (Av)? and the second order 
harmonics of the development of (4). 

The approximate solution is: 


n 
= Ma sin (nt — wi); tg yi = rome © 
avnì + Gy? 1 


(5) Ay 
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which can be written also 


3 = y, —— 008 y, Sin (ni — vw). 
(6) Ay 1% mr Yi ( Yi 


The modulation frequency is contained in the factor cos y, which replaces the 

factor 6 of V. A. BAILEY’s notation. It must be observed that as n varies 

from zero to infinity, y, varies from zero to 7/2 and cos y, from 1 to zero. 
The ratio of amplitude of Ay to the mean value », is 


Mw, 


“FA eT 


— 
a) 
_ 


COS wr - 


The absorption coefficient of an ionized layer, far from gyrofrequency, is pro- 
portional to v. Thus it can be written: 


(3) Ke KL Msi Gi) 


The field of the wave after passing through the layer is given by: 


—|K as 5 
0 


the integral being extended to the entire path of the wave through the layer. 

In the case of radio-waves incident on a layer of the ionosphere, the only 
important terms of the integral are the ones referring to the portion of the 
path near the vertex of the trajectory of the wave, because there A reaches 
its maximum value. In this portion of the path M’ also may be assumed as 
constant. 


(9) Cei 


Calling « the mean value of the total absorption, equation (9) may be 
written: 


(10) E, = €, exp[— «{1+ M' sin (nt— y,)}] = 
= €, exp[— a] exp |-— oM’ sin (nt — y,)] ~ 
~ €; exp [— «][1— aM’ sin (nt— y,)], 


aM" being in general small as compared to unity. 
Neglecting the constant factor exp[— «] the explicit form of € o becomes: 


(11) €, = Em(1 + M sin m)[1 —oM’ sin (nt —y,)] = 


it 


«MM n MM’ 
=€n|1- cos vi + M sin nt— aM’ sin (nt— y,) +" cos (2nt— y,)] « 


9 
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(12) Ria We me ne 


2 wy + G 


p AE? cos? yi) = En (1 — eM? cos? y) , 


calling for semplicity 9 the positive quantity (x/2){wo/(00+@T)}. With the 
same notation the square of the amplitude of the fundamental oscillating 
term is É 


(13) Con = ©, M*[ (1 — 0)? + 0?— 20(1 — 0) cos 2y,] = 


= €7, M*|1 — 40(1 — @) cos? wp]. 


Finally the residual modulation depth, referred to the fundamental oscil- 
lating term, can be expressed by the ratio 
7 GS 
(14) Me 
Com 


or in the form 


(15) & #1 200 — 0) cos? yy 1— A cos? y, 

i M — (1— 0M? cos? y,)? ~~ (1— B cos? yy)? 
It must be observed that 

(16) a ae <p E 

(17) B= 0. 


3. — Frequency Dependence of J/’. 


The derivative of WM” is 


sin 2y, . 


1 /M"\? A—2B + AB cos? 
(18) —( y= we rc 


dy, \M (1 — B cos? y,)? 


The derivative annullates when y, is zero or 7/2, n being respectively zero 
or infinite, where a maximum, or a minimum of M” must be expected. In 
the interval 0 < y, < 7/2, sin 2y, is always positive and the sign of (18) de- 
pends on the sign of the fraction only. To discuss this sign, two cases must 
be distinguished: 


IL 
(19) a) Brel or Mex * 
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Then the denominator is positive in the interval and the sign of (18) is the 


same of the numerator’s. 
The numerator is always positive, and therefore M” is a steadily increasing 


function of if 


(20) AOR S10, o Mc 
The numerator is always negative, and M” is a decreasing function of n if 
(21) Ss ToS << I) or e ESE 


Finally the numerator may change sign in the interval if there is a value 
of cos? y, for which the nume- 


el rator annullates. 
3 The conditions are 
wr LS = i 
22 al ae _ 
| 7 \ A BOS ae 
24 or 
i 2(1 ) 
ZO 
mM 1 6) i 
e E 1 — 2o(1— @) 
n 
2 pz 3 Rete 5 
1 c 30051 ap In this last case M” is an increas- 
a -“- » ing function of n in the interval 
el coe 
È M=2(1-e) 
M' ; L° 
Fi DI 2 
° 0<n< 6] siae ie (4) = 
0 06 im? 5 o M°— 21-00). ’ 
pet ' M 


I 7 ‘ i 
: ai sa and from this value of n to in- 


Fig. 1, finity a decreasing function. 
In Fig. 1 is represented the 
plane MW, 0, limited to the interval of physical significance of M, and are plotted 
the curves M?= 1/0; M?= 2(1—) and M*= 2(1— 9)/{1— 20(1— o)} that 
divide the plane in regions corresponding to the behaviours described and to 


the following one. 


(23) b) Bae! or mst, 
0 


In this case the denominator of (18) becomes zero and changes its sign when 


IL dea 
(24) COS? Wr = iB or Na = Gr,V 0 M2 ur Il . 
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At this frequency the derivative of (15) becomes infinite and changes its sign; 
M" must therefore become infinite itself, i.e. the mean value of €, must annul- 
late, or, in terms of spectrum, the carrier must vanish. 

For 0<n <n, the denominator of (18) is negative. The numerator varies 
in this interval between A — 2B+ AB and 2(A — B) and is negative because 0 
is greater than unity and A is negative. Thus the sign of (18) is positive, 
and M" is an increasing function of n. 

For » increasing from », to infinity the denominator of (18) is positive. 
The numerator varies between 2(4—B) and A—2B keeping inalterated 
its negative sign, so M’ decreases. 


4. — Effect of the Magnetic Field. 


In the neighborhood of gyro-frequency the absorption coefficient of an 
ionized layer becomes inversely proportional to the collision frequency. 

The effect can be approximately taken into account by changing the sign 
of the oscillating term from + to — in the expression (8). 

This change modifies (11) in 


cokes cos y, + M sin nt + xM' sin (nt — y,) — 


ad 


Casas fi _ 


Ca Oe 
a cos (2nt — yi) 


pari 


aM M' Ì 
? 


(26) Cum == AC + oM 2 Cos? i) 


(27) €: = € M?[14 40(1+ 0) cos? yi]. 


on m 


The formula (15) then becomes: 


(28) 


Mito ep) cosy cos 
al ~ (1 + 9M? cos? y,)? = (1 + B cos y,)?’ 


C is always positive. 
The derivative of (28) is 


d {[M’\? 2B—C + BC cos? w, 
(29) | y=) 


= AS Sa sin 2%; . 
dy, \M (1 + B cos? y,)? 
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The denominator of (29) is always positive. The sign of numerator is posi- 
tive for all values of » if 


(30) O =25 or M?>2(1+ 0). 


M" would be an increasing function of n, but this case has no physical 
possibility, M° resulting greater 


e| than unity. The sign of numer- 
al ator is always negative if 
( C> BA + 0) or 
(31) n ero, 
Me = ; 
3a L'420(L4=0) 
f . . . 
and M’ is a decreasing function 
OL. 
qui ee The numerator changes its 
2 2(1+0) i È sien if 
M= S 
c 142 (140) F = 
n 
x C= 28 
| 82) dna 
0 0.5 1M* i 
feo tM or 
0 0506 07 08 ag 1 
' Qi? ep) 
io. 2 2( De Me< 2(1 
o* 5 ¢ RC a = pi SS oS 0) 
1+2e(1+0) : 


In this case WM” increases with » for » increasing from zero to 


_1/ 20M(1 + @ 
(33) AI Gv] oM?(1 na) Sa 
x 2(1 + 0)— M? 
and thereafter decreases. 
In Fig. 2 is plotted the curve M?= 2(1- o)/{4 +2oe(1- 0)} that divides the 
plane in two regions where different behaviours of M"(n) occur. 


5. — Final Considerations. 


From equation (15) the values assumed by M” for n =0 and n 
can be easily deduced: 


= (69) 


(34) Mii = MI 
and 


(35) Mi__=M. 
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This last value, to which M” tends asymptotically from higher values in 
all discussed cases but one, may appear to invalidate the explanation of the 
phenomenon by the theory of the modulation of collision frequency. 

Besides it is evident that at high modulation-frequencies the simple theory 
is not valid, because physically the carrier and side bands become three dif- 
ferent waves following very different paths and suffering different absorptions. 

Furthermore too many simplifying assumptions were made in developing 
the previous formulae. However the only interesting conclusion is that the 
modulation-frequency dependence of residual modulation depth at low values 
of n cannot be predicted by simple analogy, but a more detailed analysis is 
always necessary. 

If the theory of the modulation of collision frequency will be proved true 
by experiments, the behaviour of demodulation, depending strongly on «, 
can give perhaps some information on this parameter up to now not other- 
wise measurable. 
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On the Interaction of Radio Waves. 


V. A. BAILEY 


University of Sydney - Sydney 


An account is given of the development of the theory of radio wave- 
interaction which led to new methods for studying the ionosphere and ionized 
gases in the laboratory. The concepts and experimental methods of J. S. 
TOWNSEND relating to the steady motions of electrons in gases are briefly 
expounded. From these it followed that an alternating electric field increases 
the collision-frequency of the electrons. 

It thus became clear that a powerful radio wave A could increase the col- 
lision-frequency v in the E-region of the ionosphere by an appreciable amount. 
In order to detect this increase a second wave B was introduced which passes 
through, and is absorbed by, the region of the ionosphere affected by A; the 
increase of y would then cause an increased absorption of B and so any modu- 
lation of A would be impressed on B. This conception also automatically 
explained the « Luxembourg Effect » and successfully predicted that the im- 
pressed modulation would decrease as the modulation frequency is increased. 

A more rigorous formulation showed later that as the carrier frequency 
of A is varied about the local gyro-frequency resonance occurs. This was 
early confirmed by experiments in Europe and more recently by experiments 
in Italy, Australia and the U.S.A. 

The theory also predicted the self-distortion of a powerful wave. This 
has been confirmed by the recent (unpublished) experiments of L. GOLDSTEIN. 
It is not certain that the phenomenon of self-demodulation discovered by 
CUTOLO in 1950 is an example of self-distortion; it is suggested that this ques- 
tion could be resolved by observing the effect on self-demodulation of a change 
in the radiated power. 


Another consequence of the theory is the possibility of generating an arti- 
ficial aurora (or air glow). 


Lastly, the empirical formulae of Crompron, HuxLEY and Surron, re- 
lating to the motions of slow electrons in air, are subjected to a critical analysis. 
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1. — Introduction. 


In order to present any difficult subject in the clearest possible way it is 
usually best to give it in historical form. For this reason I may be permitted 
to give a few biographical details. 

In the year 1913 I went to the University of Oxford as a Mathematical 
Scholar. Then after one year I turned to Engineering Science, solely for 
economic reasons. This course was interrupted by the First World War but 
was resumed again after my demobilization in 1919. Shortly after my return 
to Oxford I encountered by chance a remarkable personality who was destined 
to influence me and my future career in a decisive manner. This was the, 
famous JOHN SEALEY TOWNSEND, the «Father of Electrical Discharges ». 

With him I worked for about four years before I departed to a Professor- 
ship in Australia. During these four years I learnt to regard the whole of 
Physics with a most sceptical eye and to turn every subject upside-down and 
inside-out until the lurking defects had been revealed. I also then learned 
most of what I know about the motions of slow electrons in gases. 


2. — The Concepts and Methods of Townsend. 


In the Appendix I are set out the main concepts, theoretical formulae 
and experimental methods of TOWNSEND [1, 2] relating to the study of the 
steady motions of electrons in a gas at pressure p, under the influence of an 
electric field Z and a transverse magnetic field H. 

In this Appendix it is firstly shown that the electrons possess a mean 
random velocity uw while they drift with the mean velocity W in the direc- 
tion of the electric force Z and simultaneously diffuse in all directions with 
a coefficient of diffusion K. TOWNSEND proved that the ratio W/K is equal to 
Z/40.3k where k is the ratio of the mean energy (or temperatures) of the 
electrons to that of the surrounding gas molecules; k is termed Townsend’s 
energy factor. 

The theory then shows that the spatial distribution of the electron density n 
depends only on Z and k. Hence by measuring this distribution k can be 
determined. 

Fig. 1A of the Appendix shows the instrument and method used to 
determine k. From k we easily calculate the random velocity w. 

On applying a suitable magnetic field H perpendicular to the force Z 
(Fig. 1A) the electron stream is deflected through a known angle 0. Then 
W is determined from the relation tg 0 = WH/Z. 

Theoretically and experimentally k and W are found to be functions of 
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the ratio Z/p. Hence k and W are always represented in terms of Z/p by 
means of curves as in Fig. 3A. These always show that % is greater than 1 the 
value corresponding to cquipartition of energy. 

Afterwarsds it is shown how from the known values of % and W we can 
derive the collision frequency v, the mean free path / and the mean proportion A 
of the energy lost by an electron at a collision. For electrons in air, TowN- 
SEND and Tizarp [3] obtained data in 1913 which yield the curves for / (at 
1mm pressure) and 7 shown in the Fig. 4A. The lowest value of the electron’s 
mean velocity uw corresponds to k = 2.6. (In recent years new measurements 
on electrons in air have been made by HUxLEY and collaborators, extending 
down to k = 4, and if time permits these will be discussed later.) The curve 
for 1 shows that the collision frequency v (= «/l) increases with uw and so at 
any given pressure y increases with the force Z. 


3. — The Increase of the Collision Frequency Caused by an Alternating Electric 
Force. 


Many years later, in connection with his experiments with high-frequency 
electrical discharges, TOWNSEND demonstrated that the collision frequency » 
of electrons increases also under the influence of an alternating electric force £. 
We show this firstly deriving the mean work P done on an electron per second 
and then the differential equation (134A) which governs the variation of » during 
intervals of time dt large compared with the period of the alternating field. 
This equation involves the energy 7 lost in a collision by an electron which 
possesses the energy UV. For perfectly elastic collisions 7) is equal to G(U—U,) 
where U, is the mean energy of a molecule and @ is a constant equal to 
2m/M where m and M are the masses of an electron and a gas molecule 
respectively. For simplicity / is taken as constant. 

Then the formulae for P and 7 are given as well as the equation for v in 
terms of 7 and w = P/v. From these we deduce the differential equation for 
v, which is numbered (15A). 

This equation shows that the collision-frequency v ultimately increases with 
the effective value of the alternating electric force. 


4. — Origin of the Theory of Wave-Interaction. 


During my first six years in Australia, i.e. from 1924 to 1930, I was engaged 
in the experimental study of k and W for electrons in gases like air, HO, 
NH;, HCl ete., in which the electrons tend to form negative ions by their 
attachment to molecules. 
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But in 1931 my colleague Professor MADSEN, Chairman of the Australian 
Radio Research Board, pressed me to collaborate with his newly formed circle 
of physicists who were engaged in studying the ionosphere by means of the 
methods of APPLETON and of BREIT and TUVE. 

Early in 1933 Professor MADSEN had a tea-party, now memorable for me, 
in which we discussed for the first time the letter in Nature from TELLEGEN [4] 
which reported his experimental investigation of the newly discovered Luxem- 
bourg effect: in this effect a station of power 200 kW and wave-length 1190 m 
interfered seriously with several different medium-wave broadcasts. The dis- 
cussion was fruitless and in due course I completely forgot about TELLEGEN’s 
report. 

Several months later, while acting as the Official Examiner of the late 
A. L. GREEN I was engaged in studying his doctoral thesis. It then occurred 
to me to examine whether a powerful radio wave A, corresponding to an 
output of 200 kW, could increase the collision-frequency v by an appreciable 
amount, as illustrated by Fig. 1. 

I then introduced a second wave B passing through this region as a means 
of detecting this increase of y through the resulting effect on the absorption of B. 
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It became obvious that in this way any modulation of the amplitude of A 
could be impressed on B. This arrangement is shown in Fig. 2. 
It then dawned on me that I had unwittingly found the explanation of 
the recently discovered « Luxembourg Effect » or Radio-Wave Interaction. 
Further reflection showed that the impressed modulation M, would decrease 
as the modulution frequency increased, in the manner shown in Bigs 3.7); 


(*) This prediction was later confirmed by van DER Por and VAN DER MARK in 
Europe; their observations are shown as the four dots in Fig. 3 . It was also thoroughly 
confirmed by the more recent work of HUXLEY and RarcLIFFE and their collaborators. 
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I then invited Dr. D. F. Martyn to assist me in the development of these 
ideas by means of his knowledge of the current facts about the absorption 
of the wanted wave B. In this initial 

10 7 phase [5] I adopted an approximation 
in the mathematical theory which se- 


emed reasonable, but which did not 
yield any resonance effect—contrary 
to my expectation. 

A comprehensive but simple ac- 
count of the state of the subject after 
this initial phase is given in the 
Wireless World [6]. 


MODULATION DEPHT PER CENT 


5. — The New Mathematical Theory of 


l l I Wave-Interaction. 
0 200 400 600 800 1000 
MODULATION FREQUENCY 
; 4 4 years later i Pans. 
Fig. 3. [Three years later I found means 


to avoid the approximation mention- 

ed and, as a result, discovered that 
resonance May occur in the impressed modulation as the frequency of the 
disturbing wave A passes through the local gyro-frequency. 

A wave with its frequency near the gyro-frequency is called a « gyro-wave » 
and interaction caused by such a wave is called « gyro-interaction ». 

The theory was now developed [8, 9] so as to take proper account of the 
propagation of the disturbing wave A through the ionosphere. This led to 
the discovery that at medium or 
higher latitudes a gyro-wave would 
act with greatest effect on a «slab » or 
stratum of the ionosphere which lies 
approximately between 90 and 95 km 
above the ground. 


The detecting wave B was then se- 
lected so as to suffer most of its ab- 
sorption in this slab, as shown by eas 
Fig. 4. 

It was then found that a gyro-wave A of only 1kW of radiated power 
could impress an observable modulation on the wave B. This was about 1 per 


cent of the lowest powers previously found necessary to produce observed 
interaction. 


Gyro station A 


This prediction of the theory was substantially confirmed in 1937 by my 
experiments conducted in Europe with the help of the B.B.C. and other autho- 
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rities. It was also confirmed about 1946 by M. CuroLO and colleagues [11] 
in Italy using powers less than 1 kW. 


6. — The Two Forms of Resonance. 


Another outcome of the new theory [12] was the discovery that the reso- 
nance curve for the impressed modulation would take one of two forms, 
namely: 

One-humped (« dromedarian »), or Two-humped (« bactrian »). These are illus- 
trated by the curves shown in Fig. 5 which were published in 1938. 
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Ten years later M. CuroLo [13] and his colleagues in Italy observed the 
predicted two-humped curve, (bactrian resonance). 


7. The Australian Experiments on Gyro-Interaction. 


During 1950 and 1951 experiments[14] were carried out in Eastern Australia 
which were planned to conform as closely as possible to the theoretical requi- 


rements mentioned earlier. 
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As illustrated in Fie. 6 the disturbing gyro-wave A was radiated vertically 
from an aerial at Armidale which lies almost exactly at the mid-point oi 
the 740 km line which 


~ 1530 kHz 


joins Brisbane and Ka- 
toomba. The wanted 
wave B was radiated 
from Brisbane on 
RAI ARMIDALE BRISBANE 590 KHz and received 


Fig. 6. at Katoomba. From 
the magnetic data for 
Armidale the local gyro-frequency was estimated to be 1530 kHz. 

Time allows mention of only the results obtained on October 24, 1951 
between 0100 and 0220 hours Eastern Standard Time. 

The gyro-wave was radiated 40 times per second as a square. pulse of 
length 1 millisecond and power 36 kW. Its frequency f was kept constant 
for 2 minutes at each of 8 values lying within + 23% of the gyro-frequency 
1530 kHz. 

Each of cycles 1, 2 and 3 ran through the middle six frequencies and lasted 
17 minutes. 

Cycle 4 ran through all the 8 frequencies and lasted 23 minutes. 

In order to provide a standard of comparison for the depth of modulation 
impressed on the wanted wave B the latter was modulated at its source for 
3 minute in each 2-minute period with a standard tone of 80 Hz to a depth 
OTD hs 

At Katoomba 2 receivers R, and &, were tuned respectively to the wanted 
wave B and the disturbing wave A. Their rectified outputs were displayed 
on the screen of a double beam C.R. 
oscillograph with a time-base  fre- Wanted «are 
quency of 80 Hz. This display and 
the time and signal strength were 


photographed every 10 seconds. 
Examples of the pulses impressed 
by A on B are shown by Figs. 7 and 8. 
In these the time inereases from right 
to left. Fig. 7 yields the depth M, i; 


L 


af 
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of the impressed modulation and RA ate So e 


also the relaxation time t from the Fis. 7 
50 >: da 
rising part of the curve on the left. 
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Fig. 8 shows the standard tone of 5% depth and the impressed pulse 
together. 
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The mean value of MW, correspond- 
ing to each frequency in one cycle 
was plotted and the resulting 
were joined by means of a smooth 
in Fig. 9, 
and 3 show 


points 


curve as shown where 
eycles 1 
nance and 


resonance. 


2-humped reso- 


cycle *4 shows 1-humped 


Cycle 3 resonance 
though the conditions 
were just then very unsteady. 

The of the 2-humped 
minima 1-humped 


shows even 


propagation 


positions 


and the maxi- 
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mum agree with the gyro-frequency within 3% 
The magnitudes of the maxima are of the same order as that predicted by 


10 


the theory. 
These experimental curves 


1 closely resemble the theoretical 
BF si curves published thirteen yeard 
| earlier. 
2 Ti From the « free decay » of 
the impressed pulse we found 
ot Ti the time constant t =1/Gy to 
lie between 0.7 and 1 milli- 
Sa ll second. This agrees with the 
to MA | values deduced from previous 
= mn studies of ordinary interaction. 
a N The constant G for different 
gases is known from laboratory 
sb - experiments. 
From such observations of 
cr il gyro-interaction the following 
| quantities relating to the E- 
ii |@ region can be determined: 
1 deli 1 4 it 1 J 
1200 1400 41600 1.800 1.400 A 1.600 1.800 The field H at the E 


f (kHz) Gyro-freg. 
IN GYRO INTERACTION 


Fig. 1. 


f (kHz) Gyro -freq. 


layer — from the mi- 
nimum or maxima of 
the resonance curves 
depicting M,; 


The collision frequency »—from the shapes of the resonance curves 
(e.g. Q/v or p,/v behaves roughly like the @-number of a circuit); 
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The gas elasticity constant G— from the values of Gy deduced from 
the free decay of the impressed pulse. 


The value of @ then allows us to identify the gas in the E-layer. 


In addition the gas-temperature 7 and the electron-density eradient b 
can be determined from the resonance curves, the field vector of the A wave 
at the E-layer and the detailed theory. 


8. — The Reality of Resonance in Gyro-Interaction. 


It should be mentioned that about the same time CUTOLO [15] reported 
that besides bactrian resonance he had also observed dromedarian (one- 
humped) resonance. 

J. A. RATCLIFFE and I. J. SHAW had previously concluded that resonance 
in wave-interaction near the gyro-frequency does not exist; but their choice 
of the wanted wave B did not conform to the requirements of the theory and 
so their observations and deductions cannot be regarded as conclusive. 

The Australian and Italian experiments agree in confirming the existence 
of resonance in gyrointeraction. 


9. — Micro-Wave Interaction in Gas-Discharge Tubes. 


The theory of interaction, including gyro-interaction, was also confirmed 
in 1953 by the experiments with micro-waves of GOLDSTEIN, ANDERSON and 
CLARK [17] in America. In particular they studied the effect of a magnetic 
field on the interaction between waves of frequencies 8600 and 9400 MHz 
which passed through a gas-discharge tube inside a wave-guide. They found 
that a magnetic field of intensity corresponding to 8600 MHz produced observ- 
able interaction even when the disturbing signals were too weak to cause it 
without the magnetic field. 


10. - Self-Distortion of Powerful Waves. 
Another phenomenon predicted in the early publication [18,20] is the self- 


distortion of sky-waves received from powerful long-wave stations C*) een 
should appear as a decrease of the modulation at the low-frequency end. 


(*) This phenomenon was later called «self-interaction» by RATCLIFFE and 
SHAW [16] who did not appear to know of the earlier work. 
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An opposite behaviour has been reported by CuToLo [21] to have been 
observed on gyro-waves radiated with powers of about 5 kW. He also found 
that this phenomenon is subject to resonance near the gyro-frequency. His 
conclusions have recently received some support from the work of S. N. 
MITRA [22] in India and G. J. Arrcnison and G. L. Goopwin [23] in South 
Australia. On the other hand in somewhat similar circumstances M. BOELLA [24] 
of Turin has failed to observe this phenomenon. 

In the present state of the theory Cutolo’s phenomenon is not easy to 
explain on the same basis as that of the interaction of two different waves i.e. 
in terms of an appreciable increase in the collision frequency. For, at (or near) 
the gyro-frequency only the ordinary component of the wave is received and 
the top of this component’s trajectory lies well above the 5 km slab affected 
by the extraordinary component. Hence, in accordance with the numbers 
in the fifth row of Table V of my publication [8] « Part I» (p. 955) it follows 
that the modulation impressed by the extraordinary component on the or- 
dinary component must be much less than 0.4 per cent (which is the value 
there given for a wanted wave of wave-length 625 metres and a power of 
10 kW in the gyro-wave). The direct effect of the ordinary wave on itself, 
even if it were large enough, would not display the resonance observed by 
CUTOLO. 

It therefore seems likely that the explanation of Cutolo’s phenomenon is 
to be sought in another process. One which seems to me worthy of investi- 
gation is the increasing difference at the receiver in the phases and ampli- 
tudes of the carrier and its two side-bands as the modulation frequency increases. 
These differences are due to the dispersion of the Ionosphere and these may 
well become large near the gyro-frequency (*). This process is essentially 
independent of the power radiated. 

The self-distortion of a wave by the change it imposes on the collision 
frequency will, of course, depend on the power radiated. ‘This dependence 
may therefore be used as a criterion for inferring the nature of the process 
involved in any observed distortion of a wave. It is therefore to be hoped 
that the further study of Cutolo’s phenomenon can include the effect of changing 
the power by a factor of at least 2. 

About five weeks ago I wrote to Professor GOLDSTEIN asking whether it 
might be possible to investigate the phenomenon of self-distortion by means 
of his micro-wave techniques. His reply reached me at Genoa eight days ago. 
In this he states that before receiving my letter he had already investigated 
self-distortion by means of his techniques, using square-pulse modulation. 


(*) In the subsequent discussion Dr. T. KAHAN indicated that he had independently 


arrived at the same conclusion. 
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His results (the photoprints of the oscillograph displays obtained are in 
the press) convincingly demonstrate the self-distortion of a wave due to 
the increase of collision frequency caused by it and also the large distortion 
caused by relatively much lower powers when the gyrofrequency, corresponding 
to a slowly varying magnetic field applied to the discharge tube, approx- 
imates to the wave-frequency. 

It should also be possible to observe the self-distortion of long waves by 
means of existing powerful stations and perhaps also by observing the radia- 
tion from electrical storms (*). 


11. The Artificial Aurora (or Air Glow). 


Another consequence of the underlying ideas is the possibility of generating 
an artificial air glow (or aurora) by means of powerful gyro-waves. It was 
shown [12, 25] in 1938 that with a suitable system of aerials and a power of 
500 kW (**) it would be possible to produce a celestial glow which would 
allow the gas in the E-region to be studied spectroscopically. This would also 
allow its motion and temperature to be inferred. It was also shown that with 
1 million kW of power the glow would have the same illuminating value as 
moonlight. (It has even been suggested that this glow would have the same 
romantic value as moonlight). 


12. — The Motion of Slow Electrons in Air. 


I have been asked more than once to express an opinion on the conclusions 
with regard to slow electrons in air which were published in 1953 by Crompron, 
HuxLeY and Sutton [26]. The space at my disposal allows only a few critical 
remarks on their work. 

By means of new experiments they obtained fresh data on the collisions 
of electrons possessing energies corresponding to k>4. These data they 
combined with the earlier observations of NIELSEN and BRADBURY 
drift velocity of electrons in air (which correspond to % > 5.4). 
combined data they derived empirical formulae by 
to the range 1<%< 4. These empirical formulae 
pendix II. 


on the 
From the 
means of extrapolations 
are here given in Ap: 


(*) For this purpose it may be sufficient to re-examine old oscillograph records 
of electrical storms. “ 


(**) A later estimate reduced this to 250 kW. 
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In Sect. 1 of Appendix II are set out the three classical fundamental re- 
lations (A), (B), (C) and the inequality (D) which is a logical consequence of 
them. In Sect. 3 it is proved by means of (D) (*) that the two fundamental 
formulae of Crompton, HuXLEY and SurTON are mutually contradictory 
when & is near 1. It can also be shown that at k=4 their resulting formula 
for the product Ak is not consistent with their own observations. It fol- 
lows immediately that their formula for 2 (given here under (3)) is 
unacceptable. 

But these inconsistencies do not impair the value of their experimental 
observations. Consequently it is useful to point out that their observations 
are consistent with the hypothesis that the formula (14.4) in Appendix T, namely 


nari, 


= 


is valid in the range 1<k< about 5. 


13. — Conclusion. 


In conclusion I would like to pay a tribute to the work of Dr. CuTroLo 
and his collaborators which constitutes an outstanding and convincing contri- 
bution to our knowledge of the behaviour of radio waves in the ionosphere. 
In particular one must admire the great persistence and ingenuity with which 
he has organised and successfully performed experiments with the low radiated 
powers available to him. Lastly I would like to thank the Societa Italiana di 
Fisica for inviting me to Venice and for its hospitality. I can assure it that 
this invitation is much appreciated in Australia. My thanks are also due to 
the Cini Foundation for its kind hospitality in this city. 


Note Added on June 13, 1956. 


The conclusions of Sect. 12 above are now supported by the fact that more 
recently Prof. HuxLEY (in the Proc. Roy. Soc., A 229, 405, 1955) has rejected the 
formula for 7% of Crompton, HuxLEy and SUTTON. 


(*) Or alternatively (C). 
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(We have omitted numerical factors which depend on the velocity distribution 
of the electrons, for these factors do not differ much from 1 and their inclusion does 
not in general affect the conclusions reached). 


If U and U, are the mean kinetic energies of an electron and a molecule 
respectively then Townsend’s relation between the velocity W and the coef- 
ficient of diffusion K is 


LA LE 
de; K  40.3k’ 
where 

(2A) EROE 


The mass flow, or flux, F of electrons through a unit area at a point and 
the electron number-density n are related by the following two vector equations: 


(3A) F = nW— K gradn, 
(4A) div Ff =O, 


From equations (4A), (3A) and (1A) we obtain 


(5A) Vin = — 


when the z-axis of coordinates is parallel to the force Z. 

Equation (5.A) shows that the spatial distribution of the electron density n 
depends only on Zand k (and the boundaries). Hence, from measurements 
of this distribution the value of k can be derived. 

Townsend’s method for determining the values of the energy factor k and 
the drift velocity W depends on the instrument schematically illustrated in 

The principal parts consist of a disc D and the electrodes H,, E,, E; and 
guard-ring G which all lie in a plane parallel to D. In D is a straight narrow 
shit S (shown end-on) and above D is a source of electrons, usually a suitable 
photo-cathode. The electrodes £,, E,, E; constitute a disc separated from the 
guard-ring G by a narrow gap. The middle electrode EH, is a strip with its 
edges parallel to the slit S and is separated from E, and E; by narrow gaps. 
G is earthed and the electrodes H,, £,, H; are insulated but maintained (by 
induction) near earth potential. The disc D and the electron source are main- 
tained at such potentials that everywhere a uniform, constant electric field Z 
acts downwards on the electrons. The gas-pressure p is maintained constant 
(at a value of the order of several millimetres of mercury). 

The electrons which pass through the narrow slit S diffuse laterally (as 
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indicated by the broken curvesjin Fig. 1A) and the resulting currents ODIOSA 
to the respective electrodes £,, E., E; are measured: more precisely the fol- 
lowing ratio R is measured: 


. 3 s 
di = e I ; AT 
4 + ty + I th i \ Zz | W | 
: / a \ i PE {\ 
i.e. the proportion of the total / IVO AN ; 
electron stream which falls on e TI Wi; 
the middle electrode £, is mea- i E ae Ie È 
sured. li î2 Î3 
Also, from the partial diffe- 
Fig. 1A 


rential equation (5A) and the 

boundary conditions appro- 

priate to the instrument used we can determine R as a known function of 
the ratio Z/k. This function can be represented by means of a curve as in 

Fig. 2A. 

By means of this curve we can easily determine the value of Z/k corres- 
ponding to each observed value of f. Since the 
value of Z is known we can thus determine 
the corresponding value of the energy factor k. 

The value of the drift velocity W is deter- 
mined as follows: A uniform magnetic field of 


z/k intensity H is applied parallel to the edges of 
1 the strip #, (and of the slit S), i.e. in a direc- 
Fig. 2A. tion perpendicular to the Fig. 1A. Then the 


value of H is adjusted until è, + è, = &. This 
corresponds to a deflection of the middle of the electron stream to the middle 
of the narrow gap separating £, and £,. Therefore this value of H corre- 
sponds to the known angle of deflection 9 shown in Fig. 1A. Also this new di- 
rection of the middle of the stream must be the same as the direction of the 
resultant of the vertical force eZ and the mean horizontal force eWH which 
act simultaneously on an electron in the stream. The corresponding triangle 
of forces is shown, at the right side of Fig. 1A. 
It follows immediately that 


n 
— 
x 


tg0 = eWHleZ, 


and so RA w 
W =(ZJH)tg0. 3 Ww 


T 


7) È 
The value of W can thus be derived from 1+ u/s 
the known values of 0, Z and H. 0 
For a given gas k and W are unchanged Pig. 3A 


in value when we change Z and p by the sa- 
me factor, i.e. k and W are functions of the 
ratio Z/p alone. Consequently the values of % and W in a given gas can 
be represented in terms of Z/p by means of curves like those sketched in 


Hig. 3A. . 
From the observed values of k and W we can derive the corresponding 
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values of the mean (*) random velocity « of an electron, its approximate 
collision-frequency v and mean free path / and the approximate mean pro- 
portion 2 of its energy lost at a collision with a molecule. 

For a simple calculation based on (2A) and the formula U= imu? yields 
the formula 


(6A) u = 1.15-10%/k cm/s , 


and from the definitions of 1 and v we have 
(7A) eH Me 


Also, on equating the mean loss and gain of momentum suffered by an 
electron per second we obtain 


yim W) = eZ. 
and so 
_ Ze 
(SA) Ww=—. 
vm 
Finally, on equating the mean loss and gain of energy suffered by an electron 
per second we obtain 


val imu?) = eZ -W, 
and so, on using (8A) to eliminate », we have 
(9A) (**) NR Wa 


Thus for a given value of Z/p we use the 
corresponding values of k and W to derive first 
the value of « from (6A) and that of v from (8A), 
AIR then that of from (7A) and lastly that of 7 

from (9A). 
ona A For electrons in air, TOWNSEND [3] and Tr- 
a 3 ZARD found values of k and W which yield the 
i Det ARE 1 curves for J and 4 sketched in Fig. 4A. 

We may now consider the change in the 
collision-frequency » which is caused by an 
alternating electric field E where 


(10A) H =/2Z sin wt. 


The equation of mean motion v of an electron is 


i 
(11A) m = + mv = cE . 


(*) More precisely: the root of the mean square velocity. 
(**) Whan J varies litle with wu. 
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: LAVARE a 
The mean power impressed on the electron is therefore P where 


(124) Pela vr 


m y2 + we” 


[This is analogous to the following expression, 


for the power impressed by an e.m.f. V on an alternating-current circuit of self- 
inductance L and resistance P.] 

We now proceed to find the variation of » in a time dt much greater than 
the period (27/@) of the alternating field. : 

If U is the mean kinetic energy of an electron and 7 is the mean energy 
lost by it at a collision with a gas molecule then we must have 


dU + n-vdt = Pd, 
and so 
dU 
di = Ul =a 


Since U= 3mu?, v = ufl, this yields 


= al 
(13 A) ml +y=wWw, 


where w = P/v is the mean work done on an electron over a free path, Le. 


(124.1) iG = — LL - 


Also 7 is a function of » which is determined by experiments like those 
of TOWNSEND and his collaborators. For example, with Helium as the gas, 


we found that 
, ; 1 
A = G (1 == A , 


where G = 2m/M and M is the mass of a molecule; since 7 is equal to AU it 
follows that 


(14A) MITI 
Since U= 3ml*y? this yields 
(14A.1) n= imlGI — vi), 


where », is the value of the unperturbed collision frequency. 
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On using (14A.1) and (12A.1) the equation (13A) becomes 


d(ly) A A ZA 
do i _ Pm + © 


2 


Here »,, Z and © are constants. When the variation of / with v is such that 


dl | l 


| | <a 3 
dy v 
then the first term in (15A) may be replaced, with little error, by dv/dt. It then 
follows from (15A) that v will ultimately increase with Z. 
This conclusion is, in effect, due to TOWNSEND and was published by him 


before 1930. 
The value ultimately attained by v is » the positive root of the equation 


a e? Z2 
2 m2 yp? + 2° 


(16A) 4G(v? — 23) = 


NOTE. — On considering the experiments of TOWNSEND and TIZARD on electrons 
in air, and from the more recent experiments of HUXLEY and his collaborators, 
it appears that as a working hypothesis the formula (144) may be applied also 
to electrons in air in the range of energies corresponding to 1<k<5 or so, 
with G taken as an empirical constant of the order of 2-10-*. 


APPENDIX II 


(In this Appendix the symbols c,, €, ...¢, represent known positive constants). 


1. — The following are classical fundamental relations; the first two, essen- 
tially due to TOWNSEND, have already been given in Appendix I as equations 


(8A) and (9A) respectively. 

(A) ESA REINA *, 
(B) Aug [ho 

(C) A= Ay = Gl), 


where G, = 2m/M. 

The formula (C) merely states that 2 cannot be less than the proportion, 
Az, Of energy lost in perfectly elastic collisions. 
On substituting from (B) and (A) in (C) we obtain the following necessary 
inequality : 


(D) ZU > ck(k-1). 


2. — The fundamental empirical formulae of Crompro N, HuxLEY and SuT- 
TON [26], for the range of energies corresponding to 1<k<4, are two in 
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number. The first is 


(17A) PEZZA 


which, on account of the relations (6A) and (7A) in Appendix I, is equivalent 
to the empirical formula 


(DALIA L=ek-*. 
Their second empirical formula is 
(18A) kK=1+ 62. 


On eliminating W, Z and / between the equations DITA) ALT) sama 
(183A) we obtain the formula 


(19A) A =¢,(1— k)?k-2 . 

This formula is also given by CRompron, HUXLEY and SUTTON. 
3. — From (18A) and (D) we deduce the inequality 

(20A) I=>GVkik—=1). 


This necessarily leads to the conclusion that as k tends to 1 then J tends 
to infinity, which clearly contradicts (17A.1) and so also contradicts the first 
fundamental empirical formula (17A). 

Thus we see that the two fundamental empirical formulae of Crompton, Huxley 
and Sutton contradict one another when the value of k is near 1. 

Also it can be shown that at the value k= 4 their formula (19A) leads to a 
value of the slope of the curve representing y = Ak in terms of x = k which is 
nearly one quarter of the slope, at % = 4, of the empirical curve given by 
CROMPTON, HUXLEY and SUTTON in their Fig. 7. 

We thus conclude that the two fundamental empirical formulae of CROMPTON, 
HUXLEY and SuTTON are mutually contradictory when k is near 1 and that their 
resulting formula for Ak is not consistent with their own observations. 
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OSSERVAZIONI ED INTERVENTI 


I Hi, TRAINEE 


Il prof. Battey ha riferito su di una recentissima esperienza eseguita dal prof. GoLp- 
STEIN e che prova la esistenza di un forte assorbimento di microonde da parte di un 
gas lonizzato posto in un campo magnetico di valore opportuno. Va ricordato, a tale 
riguardo, che sin dal 1930, il prof. G. Topesco aveva dimostrato sperimentalmente 
l’esistenza di tale fenomeno per onde continue di cirea 2000 MHz, propagantisi in un 
gas elettronico; esperienza questa di indubbio valore, quando si tengano presenti le 
difficoltà sperimentali in quell'epoca nel campo delle microonde. 


— K. RAWER: 


1) I suppose that the level of interaction is that, where the extraordinary com- 
ponent of the disturbing (gyro-) wave is reflected or absorbed. This corresponds to 
a very low electron density which should even be zero for the gyrofrequency. This is 
the result of the usual simplified theory. Or if we have no electrons, there can be no 
effect. The theory should I feel be made precise for this case. 

2) The observations have been made as I suppose during the night. If I have 
well understood, an exponential law has been supposed for the distribution of the elec- 
tron density as well as for the collision number. Now I think there is experimental 
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evidence from routine ionograms that the electron density at the H-level is very variable 
at night. Even a rather low electron density in this level may be seen from the trace 
of ionogram. In that case we may observe a v-trace curve in a concave form at low 
frequencies (about 1.8 = 2.2 MHz) thus indicating an effect of retardation in a lower 
laver. Now this form of ionogram does not always exist there are many cases with- 
out retardation of the v-trace. The conditions seem to be rather rapidly variable. 


== We IN, Ieee 


1) Regions with few electrons per unit volume (e.g. with zero electron 
density) can have only a small effect on the extraordinary component of a gyro-wave. 
It is necessary to consider the effect of all the electrons in a unit volume on the gyro- 
wave and this consideration immediately leads to the emergence of a slab (or stratum) 
of the E-region as the principal region which is effective in gyro-interaction. 

2) For the almost complete absorption of a gyro-wave the electron density need 
not exceed about 400 electrons per cm?. Hence it should nearly always be possible to 
have the slab (referred to before) actually present and so we should nearly always be 
able to produce gyro-interaction. 
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In 1951 M. CuroLo published on Nature [1], a letter in which he communi- 
cated to have observed a new phenomenon that he then called self-gyro- 
interaction and now refers to as self-gyro-demodulation. This phenomenon consists 
in the reduction of the modulation depth of a radiowave, modulated for example 
80 per cent at 230 Hz (after its passage in the ionosphere), whose carrier fre- 
quency is varied around local gyro-frequeney of about 500 kHz. 

The behaviour of the phenomenon is such that the resonance curve is 
almost the same as Bailey’s curve with two humps in gyro-interaction. 

While, in this last case, the parasitic modulation (or better «interaction 
index ») has the biggest percent on the humps of the resonance curve and 
the minimum nearly on gyro-frequeney, in self-demodulation the maximum 
of the phenomenon is nearly on gyro-frequeney, on the contrary the minima 
lye on the two peaks of the curve. Which is intuitive by Bailey’s theory. That 
is to say self-gyro-interaction is the contrary of gyro-interaction. 

To verify whether self-demodulation also exists on frequencies far removed 
from local gyrofrequency (1200 kHz) one of us (M.C.) made some experiments 
in July 1952 using the station Radio Naples I (656 kHz, 80 kW) of the Italian 
Broadcast (R.A.I.), which for two nights emitted its carrier frequency modu- 
lated 30% from 50 to 1000 Hz. 

The reception of the waves was made at the Istituto Elettrotecnico Na- 
zionale « G. Ferraris » in Turin. 

From the few measurements we were able to make, very little demodulation 
was apparent. It was greater for higher modulation tones and only occasio- 
nally was the effect so great as not to be masked by experimental errors. 
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A wide program of experiments 
were proposed to Mr. PICAULT, the 
Chairman of the Subcommission IIIb 
of the URSI and these were realized 
in March 1953 [2], with receiving sta- 
tions located in many cities of Eu- 
rope and one in Algiers. 

Here we give the results obtained 
in Naples and in Algiers only. 

The receiving station of Naples 
consisted of a good antenna, a re- 
ceiver with tuned circuits (3 H.F. 
circuits) the output being coupled to 
an oscillograph with a cinematogra- 
phic apparatus. The envelope of the 
oscillograph trace gave a measure of 
the modulation percentage. 

Our receiver was linear as far as 4000 Hz (Fig. 1). 


Oscillografh 
Cossor 
1035 


High Frequen-|_|pecejyo- 
cy Generator 
Low Frequen- 
cy Generator 


Modulation out-put 


For 60%. 30% and 14% 


Modulation in-put 


7.00 » 
lo 
0.80 
0.60 
0.40 
0.20 
Cc 
0 ne Palena di fe 
1000 2000 3000 4000 
Fig. 1. — Method and curve of calibration 


of the receiver. 


The Algiers receiving station consisted of a superheterodyne equipped for 
automatic recording of both the field and the modulation percentage. 

The transmitting stations were Radio Paris (863 kHz, 150 KW) and Radio 
Strasbourg (1160 kHz, 200 kW), which emitted their carrier frequency mo- 
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1953. Behaviour of self-demodulation 

acting as the modulation frequency. 

Transmitter: radio Paris (863 kHz, 
75 kW; 60%). Receiver: Naples. 


1452 M. CUTOLO; G. C: BONGHI, E. IMMIRZI and P. CACHON 


È 
Ae] 
a5 
So 
ò 
io] 
€ 100 
%Yo 
ù È so 
cs 
© 80 
50 a 
v 
= 70 
‘5 60 
50 © 
> 60 
x 
< 
aw 40 
1°) 
30 S 
a 30 ° 
S20 
20 = 
210 
ao 
x 
0 A do L > 
so 1000 2000 3000 4000 
Modulation frequency in c/s 
4 
0 ! = Fig. 5. — Experiments of 26 March 1953. Behav- 
Ss ss S c/s iour of self-demodulation acting as the modula- 
(©) 
È a tion frequency. Reception in Algier. Transmitter: 
vay, 2) Radio Paris (863 kHz, 150 kW; 66%). 


dulated 60% and 30%, full and half power, at 50, 100, 200, 400, 600, 800, 

1000, 1200, 1400, 1600, 2000, 3000, 3500, 4000 Hz. 
A study of the diagrams obtained in Naples and Algiers clearly showed at 
least on night when the ionosphere was indisturbed, a strong demodulation 
effect which favoured the lower tones 


(Fig. 2, 3, 4, 5, 6, 7). We consider 
that the results obtained for Naples 


= 1 - 
vasti Se Sen e i 
_ N m + 
Fig. 6. — Experiments of 28 March 1953; Fig. 7. — Experiments of 28 March 1953; 
transmitter: radio Strasbourg 1160 kHz, transmitter radio Strasbourg 1160 kHz, 


200 kW; 30%; receiver: Naples. 100 KW; 30%; receiver: Naples. 
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and Algiers confirm the existence of a demodulation effect for frequencies not 
too far removed from gyrofrequency. 

New experiments were carried out in August 1954 with Hilversum I (764 kHz) 
the carrier wave of which 
was modulated 60° with 
modulation frequencies va- 
rying from 50 to 4000 Hz. °° 
Unfortunately an inter- 
ference due to Radio War- sl 
shaw precluded the possi- 
bility of measurable effects vii | 
except for one night when 
we could get a curve of the 


30f 
residual modulation depth 
as function of the modu- x 
lation frequency similar to 
the previous ones. The mo- 
dulation increased as far as !° 
1000 Hz and then remained 
constant, Fig. 8. 0400 200 300 400 500 600 700 800 900 1000 100 1200 C/, 


The last experiments 
were carried out in March 
1955. They were intended 


Fig. 8 


to show the dependence of the phenomenon on 1) emitted power, 2) the mo- 
dulation depth, 3) fading (when present). The transmitter was Radio Paris 
modulated 60% and 30% with modulation frequencies from 30 to 4000 Hz 
the transmissions of fixed power modulation frequency and modulation depth 
lasting one minute each. During two nights Radio Paris transmitted at full 
and half power at 1000 Hz, with a modulation depth of 60%, 30%, 20%, 15% 
each transmission lasting two minutes. A 40 minutes transmission at full 
power, 1000 Hz, was also effectuated. 

But this time the experiments were also disturbed by interference from 
Radio Roma. 

Strong demodulation was always observed and was most pronunced at 
high modulation tones as far as 3000 Hz at least (Pigs, 9 LOY Mine ly. Ce 
the average the demodulation was stronger in 1953 than in 1955. In 1953, 
we were not able to follow the phenomenon at full power at 60%. The phe- 
nomenon was well observed at full and half power, at 30%; but the TOI 
on which we can rely at full and half power respectively, refer to different 
nights, so that their comparison is scarcely useful. 

As far as the dependence of the phenomenon on the power 1s concerned, 
no conclusion can be drawn, and new experiments will be necessary. 
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Bach point of the curves shown in the figures represents the median value 
of several measurements carried out when transmission occurred at a given 
modulation frequency, the number of each group of measurements ranging 
from 20 to 50 (for each modulation frequency). Occasionally 200 or more 
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Fig. 9. — Experiments of 10 March 1955. 
Transmitter radio Paris 
(863 kHz, 75 kW; 60% 
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measurements were taken when the signal strength underwent a marked fluc- 
tuation. Distorted oscillograms were not taken into account when drawing 
the curves. 

Interesting are Fig. 6 and 7 obtained with radio Strasbourg. The behaviour 
of the phenomenon is the same but less marked than that with radio Paris. 
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Fig. 11. Experiments of 20 March 1955. Transmitter radio Paris (863 KHz; 75 kW; 60%). 


Probably the sensible dispersion of 
the points in the diagrams is because 
the 
tion is very near to gyrofrequency 
(— 1200 KHz) where the absorption 
for the resonance is more critical. Fig. 
13 shows an example of fluctuations 
observed during one minute for each 
modulation frequency. 


carrier frequency of the sta- 


The curve of Fig. 5 has been 
constructed using measurements 
obtained in Algiers, due account 


being taken of the amplitude of the signal, of the response of the 
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Heil. 9% s 
Ì | 
| i n 
30 45.25 | + 3.42 | + 2.420 
40 45.20 | + 3.23 | + 0.423 
100 44.40 | + 5.02 | + 0.626 
200 41.67 | 23.09") SL 0.460 
500 41.81 | + 3.47 | 0.389 
1000 40.00 | + 2.74 | + 0.365 
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4000 31.30 | + 9.20 | + 1.550 


receiver 


as well as of the registering equipment. 


LABEEErORRD ENI 


Hz % È e/y/n 

500 23.61 + 4.76 | + 0.584 
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Fig. 12. — Experiments of 20 March 1955. 
Transmitter radio Paris 
(863 kHz, 150 kW; 30%). 
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So far as the dependence of our phenomenon on carrier frequency and 
power is concerned our results may be so summarized : 


1) For carrier frequencies which are very far from gyro frequency demodu- 
lation does not exist or at least it is 


too small to be measurable with the 
n available means (for example our 
ee measurements at 656 kHz). The same 
50} Ie ET may be true for powers less than 
L a 80 kW. 
a Ie 2) For frequencies far from 
25h 200 gyro-frequeney and for powers of the 
vA ni order of one hundred kW (for ex- 
25 


ample our measurements at 764 kHz), 
demodulation is apparent. 


3) The percentage of demodu- 
lation increases rapidly as the carrier 
frequency approaches gyro-frequency 


0 15 30" 45 60" time (for example our measurements at 
Fig. 13. - Behaviour in Naples of self- 363 KHz). 
demodulation for each frequency of mo- AAT n ont 
dulation (in Hz). Transmitter: Radio Paris | + te gyno trequency demo: 
(863 kHz, 150 kW, 60%). The diagram dulation is so great as to reach 40% 
shows that the fluctuations of received of the transmitter modulation depth. 
percentage for each audio frequency are This is true for powers as low as 3.3 
small and therefore self-demodulation kW. 


does not depend on fading. 


Concluding the self-demodulation 

exists around gyro-frequency only (at 

least for powers less than 100 kW) and so it is due to absorption caused by the 
action of the terrestrial magnetic field. 


So far as the dependence of our phenomenon on the modulation frequency 
is concerned two different behaviours have been observed: 


a) The received depth of modulation is at first a decreasing function of 
the modulation frequeney. When a certain limiting value is 
received depth of modulation remains constant. 


attained the 


b) The received depth of modulation is already low at low modulation 
frequencies, it then increases (until say 600 Hz) and eventually follows a 
behaviour similar to the former case. 


The dependence of demodulation on the modulation frequency yields curves 
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which are similar to those of interaction. The behaviour of the phenomenon on 
the other hand is opposite, because in the case of interaction the effect becomes 
less and less important as the modulation frequencies increase whereas in the 
case of demodulation the contrary is observed. 

Our results are fairly well in accordance with the conclusions of M. Carle- 
varo’s [3] mathematical theory of demodulation, based on V. A. Bailey’s 
theory of the motion of electrons [4]. 

On the other hand the explanation suggested by some one that demodu- 
lation should be considered a consequence of selective fading does not conform 
with our experimental results. We have (indeed) observed demodulations 
already at very low frequencies (30 Hz) where selective fading plays an insi- 
gnificant role, nor can selective fading account for the steady behaviour of 
our experimental curves in the region of high modulation frequencies. 

Selectivity as such cannot but grow in importance at high modulation 
frequencies. A serious objection is that if self-demodulation were due to fading, 
then the phenomenon should take place on all frequencies, as fading does, and not 
on gyro-frequency only. 

AITKINSON and GOODWIN [5] have been able to carry out in Australia 
measurements of demodulation in conditions where the occurrence of any 
type of fading was out of question. They have, moreover, measured on gyro- 
frequency percentages of demodulation stronger than those observed by one 
of us (M.C.). This might suggest that fading, when present, should lower 
rather than increase demodulation. 

Important experiments made in 1953 in India by S. N. Mirra have con- 
firmed self-demodulation around gyrofrequency and indirectly confirm the 
results obtained by us [6]. 

A careful examination of Fig. 13, which shows the fluctuations of the depth 
of modulation received during one minute, for each frequency of modulation 
shows that such fluctuations can hardly be interpreted as due to interference 
fading whereas it has been suggested by one of us (M.C.) that they rather 
appear to be due to fluctuations of ionospheric electron density [7]. 

Finally, distorted oscillograms were observed most of the time at low mo- 
dulation frequencies: also this last result cannot be accounted for by selective 
fading. 

All results above illustrated are particularly important for Broadcasting 
by medium waves. 

4 In fact the existence of a demodulation for the waves between 500 —1500 kHz 
explains the abnormal behaviour of the medium waves. 

Further researches shall be realized to explain the mechanism of the phe- 
nomenon. New experiments are being carried out. 
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OSSERVAZIONI ED INTERVENTI 


— I. RANZI: 

Vorrei suggerire al dr. CUTOLO di eseguire, durante le esperienze di demodulazione, prove 
con emissione ad impulso, al fine di separare l’effetto di demodulazione dovuto ai cam- 
mini multipli (2E, 3E, M, 2F, 3F, ecc.) delle onde riflesse dalla ionosfera; tale effetto 
può essere tanto forte da mascherare l'eventuale fenomeno di autogirodemodulazione. 


== We AL IS 


In the discussion following the papers by CuroLo and myself I pointed out the 
difficulties that exist in explaining Cutolo’s observed self-demodulation on the basis 
of self-distorsion by increase of the electron coilision frequency namely: that on the 
basis of my published calculation of 1937 the observed amount of demodulation was 
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too large for the power radiated (e.g. about 5 kW). I proposed that another process 
be investigated theoretically to see wether it could account for Cutolo’s phenomenon 
quantitatively: — This is the differential effects caused on the carrier and its two 
side-bands by a highly dispersive condition of the ionosphere (such as can occur near 
the gyro-frequency) in which the refractive index and absorption coefficient vary 
rapidly with the frequency. Lastly I suggested that in all future experiments on self- 
demodulation, the effect of changing the radiated power should be examined as this could 
serve to identify or exclude our phenomenon of self-distortion. (The equivalent of all 
these comments are also given in Sect. 10 of my manuscript). 


— P. DOMINICI: 


Senza entrare in merito alla natura od all’esistenza del fenomeno, è mia opinione 
che, per stabilire una corretta correlazione fra i dati sperimentali ottenuti in luoghi 
diversi ed in istanti diversi, occorra riferire i dati, con opportune correzioni nella for- 
mula che dà l'assorbimento, a condizioni «standard» di ionizzazione della zona dello 
strato E in cui ha luogo il fenomeno. 


— M. CARLEVARO: 


I remark that the experiments have always shown a great distortion at low mo- 
dulation frequencies and almost no distortion over 1000 Hz. 

This experimental result can not be explained by the hypothesis of the multiplicity 
of paths, for it would be necessary to admit that path-lenghts differencies must never 
be less than a given amount. 
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L’occultation des parcours: 
phénomène important de la propagation ionosphérique. 


K. RAWER 


Service de Prévision Ionosphérique - Fribourg en Brisgau 


Introduction. 


Si Pon veut établir la théorie d’un phénomène quelconque on remplace 
d’abord la réalité qui est d’habitude assez complexe par un modeéle simplifié. 
Cette simplification peut aller très loin à condition que le modele reste « suffisant 
et adapté », c’est-a-dire qu'il puisse représenter les caractéristiques essentielles 
observées dans la réalité. 

Pour le cas de la propagation ionosphérique les phénomènes observés sont 
extrèmement complexes, leur description complete nécessiterait un modèle très 
compliqué. La théorie de la propagation des ondes dans un milieu inhomogène, 
biréfringent, anisotrope et absorbant est pratiquement inextricable. Pour les 
‘alculs pratiques de nombreuses simplifications sont inévitables, il s’agit de 
savoir lesquelles peuvent étre admises. 

Il nous parait quune théorie satisfaisante doit d’abord tenir compte du 
fait de Pexistence de plusieurs parcours différents. Ensuite il y a le phénomène 
de la réflexion ionosphérique par réfraction des ondes dans le plasma, donnant 
lieu au phénomene bien connu de la zone de silence. Il y a encore Vabsorption 
des ondes dans les couches basses de l’ionosphère. Enfin il existe encore un 
phénomène bien important pour une description satisfaisante des faits, c'est 
Poccultation des parcours qui sont réfléchis sur la région supérieure de l’iono- 
sphere, la région F. Ce dernier phénomène découle directement de Vexistence 
de plusieurs couches réfléchissantes dans l’ionosphère; malheureusement il est 
moins connu que les deux autres phénoménes dont nous venons de parler. 

(est un phénomène très simple causé par la simple loi de réfraction 
ralable pour un rayon dont le complément de Vangle de départ est dA 
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(Fig. 1; w indice de réfraction): 
(aly R-u(k)-sna = R,:sine,. 


Suivant cette loi on a réflexion totale A 
l’endroit ot « = 2/2, soit pour 


(hrs, 
id = aio 
R x 


(I°) 
— 


Bios 


Pour une fréquence fixe la fonction u(R) 
est essentiellement donnée par la répartition de la densité électronique. Sur 
une couche ionisée on a done réflexion totale de tous les rayons suffisamment 
inclinés à partir d’une limite x,,. Cette dernière peut étre obtenue A partir de 
Péquation (2) appliquée au centre de la couche en question (W,). 

Afin que la condition soit satisfaite au moins pour le rayon a départ rasant 
(cc, = 75/2) il faut que 


(2a) fee = R/R 


Or en propagation ionosphérique Rk,/R est sensiblement inférieur a 1, nous 
trouvons done une ionisation minimum nécessaire pour la réflexion d’une 
fréquence donnée méme a départ 
rasant. Ceci est tres différent du cas 
de la propagation troposphérique 
(ip de ee 2). 

Dans le domaine des ondes dé- 
camétriques déjà Vionisation de la 
région inférieure, E, suffit très sou- 
vent a la condition (2a). Les rayons 
suffisamment inclinés (a,> n) ne 
peuvent done pas étre réfléchis par 
la région supérieure, F (Fig. 2). Il s’en suit que ces rayons ne peuvent pas étre 
comptés quand les parcours réfléchis par F sont discutés. Un parcours éventuel 
par réflexion sur une couche supérieure peut donc étre coupé a cause d’une ré- 


flexion sur une couche inférieure. 

Tl s’agit d’un effet d’écran qui donne lieu a une troisieme condition pour 
Vexistence de ces parcours. Les deux autres conditions, a savoir celle de l’effi- 
cacité de la réflexion et celle du champ suffisant, ne font entrer en jeu que 
Vionisation de la région F d’une part et l’absorption dans les couches basses 
(surtout en D) d’autre part. Mais notre troisiceme condition fait encore entrer 


en ligne de compte Vionisation de la région E. 
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1. — Théorie de l’occultation. 


Un effet de réfraction dans la couche inférieure existe en principe pour tous 
les rayons, méme ceux qui ne sont pas réfléchis par cette couche. Pour un tel 
rayon l’effet de réfraction revient essentiellement a un décalage latéral du 
ravon au passage de la couche inférieure (plus exactement c’est une tres faible 
rotation autour du centre de la terre). C’est le mérite de BIBL d’avoir vu que 
ce décalage peut devenir très important au cas limite. 


1'1. Cas dune couche mince. — Dans ce cas le décalage des rayons traversant 
la couche inférieure peut étre négligé. C'est certainement vrai pour une couche 
mince du type « E sporadique » (E.) et d’ont Vionisation est nettement supe- 
rieure à celle de la couche épaisse E normale. L’icnisation peut étre caracté- 
risée par une fréquence critique, f, . 

Si nous ajoutons la formule de dispersion a la condition de réflexion (2) 
nous obtenons au centre de la couche: 


(3) pie = Pf) <2" 8i0 ey 

Au lieu de considérer différents rayons a fréquence fixe on peut supposer x, 
constant tout en faisant varier la fréquence f de onde. L’équation (3) nous 
donne dans ce cas une valeur critique de la fréquence, fa. Pour des fréquences 
inférieures à f, on a réflexion sur la couche E,, done occultation des parcours 
sur F. f, est appelée la «fréquence occultation » correspondant a «,. 

Si nous nous contentons de la simple formule de dispersion de Sellmeier 


EA 


(fo fréquence de plasma) nous tronvons 


(4) too = Sec cy V1 + te? Xn” (R* va R,)/R° È 


Si x, est bien inférieur a 77/2 la valeur de la racine est très peu différente de 1. 
Le champ magnétique terrestre (formule d’Appleton-Hartree) complique 
beaucoup les relations précédentes parce qu'il y faut tenir compte d’un effet 
dépendant de la direction du rayon: il y a aussi biréfringene i S 
d’autant plus faibles que le cee Î/ i (f pee nea Me 
d’ailleurs négligeables pour le rayon i dans le ta | sci: | ; n i 
2 aire da as special d’une pro- 
pagation dans le plan Est-Quest (coordonnées magnétiques). 


En designant par @ (« facteur d’occultation »), le second membre de l’équa- 
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tion (4) et en négligeant influence du champ magnétique. THEISSEN a caleulé 
les valeurs de « données par la Fig. 3. En abscisse il a mis la distance 
que le rayon avec la 
méme «, parcourerait 
en l’absence de toute 5} 


Y= 0,4 
/'Es = 120 km 


région E, c’est-à-dire 
apres réflexion sur la 
région F. Le résultat 
dépend bien entendu 
du « facteur de trans- 
mission » de cette der- 
nière qui est indiqué 
comme parametre des 
courbes. Pour la répar- 1 
tition de la densité élec- 
tronique dans la ré- , 1000 2000 D 3000 


km. 
gion F un modéle pa- 
rabolique a été utilisé 
[1]. Il intervient en- 


Fig. 3. Facteur d’occultation a en fonction de la distance. 


core un deuxieme paramètre, a savoir le rapport des fréquences critiques des 
deux régions, bd. 

A Vaide des facteurs d’occultation, ¢, par multiplication avec la fréquence 
de plasma au centre de la couche E, on obtient la fréquence d’occultation f,(D) 
pour la distance D. Or très souvent Vionisation de la couche E, n’est pas homo- 
gène dans le plan horizontal. Dans ces cas loccultation efficace correspond 
à Vionisation  mini- 
mum; à celle-ci corre- 
spond en incidence 
verticale la « blanket- 
ing frequency», fg 
(voir Fig. 12). 


12. Cas d’une couche 
épaisse. — Supposons 
maintenant une couche 
inférieure épaisse et 
homogène comme c'est 
le cas de la couche E 
normale (fréquence cri- 
tique f,). Si l’on tient compte de la réfraction dans cette couche un rai- 
sonnement géométrique semble montrer que l’occultation proprement dite 
n’existe pas. Pour une distance donnée on trouve en effet toujours une liaison 
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g6ométrique. Plus faible est la fréquence, plus fort devient le décalage lateral 
dî à la traversée de la couche E, plus petit devient done Vangle x, (Fig. 4). 
Le cas limite correspondant à un départ vertical s’obtient pour f =f,; au 
voisinage de ce cas limite pour la plus grande partie dn parcours le rayon 
reste dans la région E. 

Or ces parcours très déformés malgré leur «existence géométrique », sont 
effectivement occultés parce que la « perte de transmission » [2] correspon- 
dante est très importante. Il y a deux raisons à cette perte très grande au 
cas limite. Ce sont: la dilution géométrique du ravonnement et Vaborption 
sélective dans la couche E [1, 3]. 

Afin d’obtenir la dilution du rayonnement nous considérons un faisceau dont 
Vouverture est standard au départ. La dilution est d’autant plus forte que 
le diamétre est plus grand a Varrivée, c’est-à-dire a l’endroit de réception. 
Or V« optique géométrique » de la propagation ionosphérique est très nette- 
ment astigmatique [4]. En direction horizontale le diametre du faisceau cor- 
respond simplement a la distance entre deux grands cercles voisins. Par contre 
dans le plan de propagation la réfractien ionosphérique intervient tres net- 
tement. Nous avons appliqué une méthode de calcul dùe a Forsterling et 
Lassen [5]; suivant ces auteurs, le diamètre du faisceau est proportionnel a 


4 
fos f= const. 


Un modele de l’ionosphère constitué de deux couches « paraboliques » a été 


la dérivée partielle 


introduit [1]. Le calcul numérique a été effectué pour différents choix des 


90F 41, 


80 


felfe =15 
D = 2000 km. 
Lia 


70) 


60 


20 25 30 35 
Fig. 5. — Décrément géométrique pour le cas de la Fio. 4. 


parametres [6], l’atténuation est donnée comme d’habitude par le décrément 

logarithmique du champ, 6, en décibels. La Fig. 5 en donne un exemple 
MU) 7 A aa 1 7 7 

(D = 2000 km). Les deux courbes se distinguent par leur comportement dans 
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la region F; la courbe inférieure correspond au rayon normal, la branche supe- 
rieure au rayon dit de Pedersen. Une focalisation (où 6, tend vers moins 
l’infini) existe au point de convergence de ces deux branches, soit è la MUF 
(«maximal usable frequency ») de la région F. Cette focalisation est bien 
connue [5] mais elle ne concerne pas notre problème. D’autre part l’augmen- 
tation de l’atténuation du còté des basses fréquences est assez bien marquée; 
ceci est l’effet de dilution dans la région E que nous cherchons. 

Les chocs électroniques dans la région E donnent lieu & une absorption 
sélective qui, elle-aussi, a pour effet une atténuation accentuée A la limite d’oc- 
cultation. Le décrément de l’absorption en incidence oblique, Ò: x, peut étre 
obtenu a partir du théorème de Martyn, qui doit étre valable dans la région E [7] 
a condition que Vinfluence du champ magnétique puisse étre négligée. 


3 f f 
(5) Oz (4) == CUS 047 O35 (; —_- 
fe fs: COS xp 
a, est langle d’arrivée a la couche E; 6,, est le décrément d’absorption en 


incidence normale: 


(6) 5s. (v) = | Ne) Ma), 


N densité électronique, v nombre de chocs, z altitude. 
Des valeurs numériques pour 6, se trouvent dans la Fig. 6 (D= 2000 km; 
épasseur totale de la région £, 50 km; nombre de chocs a Valtitude de son 


centre, 10* Hz). 


10 


Fig. 6. — Décrément de l’absorption déviative. 


On y voit l’augmentation rapide du coté des basses fréquences. Elle devient 
importante pour f/(f, cos x,) — 1, soit au voisinage de la « fréquence d’occul- 
tation », fa, donnée par la simple théorie d’une couche inférieure mince. 

Ajoutons encore le décrément 0, de l’absorption non-sélective qui a leu 
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120 dans la région D (ainsi 
qu’a la base de la ré- 
gion E) [8]: 
110 
(7) 5 B-See ap 
‘ Oy 3 
(f + Io 


Xayon ordinaire; fj; = 


100 


= composante longitu- 
90 dinale de la gyrofvé- 
quence. 

Nous obtenons en- 
fin la « perte totale de 


transmission » [2] 


B = 200 (db) MHzÈ 
fE=3 MHZ 
70 
fF=45 MHz 
D = 2000 km 


La Fig. 7 montre un 
1° 


resultat typique (para- 
métres: B = 200 db, 
fa =o ME) 7 Ona 
3 Li " voit qu’une « fréquence 
Fig. 7. — Perte de transmission dans le cas de la Fig. 4. d’occultation » ayant 


60 


MHz 7 8 


le caractère dune li- 
mite précise n’existe plus. Il n°y a qu’une augmentation progressive de la perte 
de transmission vers les fréquences basses. Notre problème est devenu un pro- 
bleme de calcul du champ. La limite effective est définie par l’égalité de la 
perte de transmission et du « pouvoir transmissif » [2] qui est un paramétre 
essentiellement technique. Ainsi la fréquence effective d’occultation, f, dépend 
maintenant de la puissance de l’émission ainsi que de la sensibilité du récepteur. 
La limite donnée par l’absorption dans les couches basses ne peut plus étre 
considérée séparément de l’occultation. 

Nous définissons malgré tout un «facteur d’occultation », A, par 


(9) RIT 


A est fonction non seulement de la distance D et des données géométriques 
des régions mais de plusieurs autres paramétres tantòt physiques (fréquences 
critiques des régions, nombre de chocs des régions E et D) tantot techniques 
(pouvoir transmissif). La variation de A en fonction de la valeur maximum 
admise pour A correspond a une variation non négligeable en fonction de la 
puissance de Pemetteur. Ceci est montré par la Fig. 8 (pour la plupart des 
liaisons les valeurs maxima de A se situent entre 80 et 110 db). 
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L’influence de la 37+ 
Puissance devient en- 


cOre plus prenoneée 
Pour les parcours mul- 
tiples. Or dans ce cas as 
la variation des para- 
metres le long du par- 
cours peut jouer un 
ròle important. 


2. — Expériences. 


2°1. Incidence nor- 
male. — T/oeeultation 


par la couche E normale ae 


80 90 100 db 


(épaisse) est une carac- 
téristique de chaque Fig. 8. — Facteur d’occultation A en fonction de la perte 
de transmission (paramétre des courbes: la constante de 


jonogramme de jour (*). 
l’absorption non-déviative, B). 


L’absorption sélective 
au voisinage de la fre- 
quence critique f, (où Von a transition de la trace E à une trace F) est 
bien visible (Fig. 9). 

La présence de la couche E, n’est pas si réguli¢re. Méme si elle existe cette 
couche est parfois transparente dans toute la gamme d’observation (Fig. 10). 
Mais, assez souvent, on peut noter une occultation tres nette par E, (Fig. 11). 
Tenant compte de l’existence des deux composantes magnéto-ioniques nous 
avons pu montrer que les cas d’une telle couche non-transparente ne sont pas 
rares [9]. D’autre part il y a aussi des cas où la réflexion est partielle dans 
une assez grande gamme; dans ces cas on distingue la fréquence (occultation, 
he, (« blanketing frequency »), de la «top frequency », he, (Fig. 12). Les 
conditions typiques sont illustrées par la Fig. 13; Vintensité de Pécho F aug- 
mente rapidement avec la fréquence tandis que celle de l’écho E, ne diminue 
souvent que lentement. 

Les fréquences caractéristiques f, et f,,, sont définies par les intersections 
avec la courbe qui correspond au «pouvoir transmissif » (courbe en traits 
brisés). Par contre une «fréquence critique » de la couche E,, fen) peut étre 
definie indépendamment des données techniques par l’intersection des courbes 
donnant le coefficient de réflexion R et celui de traversée 7 [10]. 


(*) Un ionogramme donne la hauteur apparente des échos en fonction de la fré- 


quence de sondage. 
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, hauteur virtuelle; Videntification des ti 
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. 9-12. — Ionogrammes typiques 
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e f, sens i 


> 


, la frequenc 


ScIsse 


(ab 


Dì 
E) 
= 


Fig. 11. 
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Nous avons essayé de préciser l'information en ce qui concerne l’occultation 


en generalisant cette définition. Le rapport des coefficients, ou mieux la dif- 


Fig. 13. — Variation typique de l’intensité des échos en provenance de la couche E, et F 
(échelle logaritmique; courbe en traits brisés: pouvoir transmissif de l’ionosonde). 


ference de leurs logarithmes, doit étre généralement une fonction monotone 


de la fréquence. Cette fonction 


(10) G(f) = 20-(log T — log R) 


caractérise les conditions d’une manière complete. Nous avons une longue 


série d’observations où l’on a essayé de déterminer cing valeurs de cette fon- 


ction [11], à savoir f, ... 


G(f) == —- 40 DI 


— 20, 0), + 20, 


Î; avec 


40.0 


Ces observations nous ont montré que d’habitude f,, est nettement mieux 


définie que f,, parce que 
les valeurs pe sont moins 
étendues au début de la sé- 
rie (Fig. 14). On en peut 
conclure que, malgré sa dé- 


Freîbur 
Aout 39: 


TA i 
18 24 TLM 


Fig. 14. — Répartition stati- 
stique des fréquences f, ... f; 
[voir équation (10)]. 


100 
xv 


Freiburg juin 1950 
fb Es >...MHz 


50 


Fig. 15. — Répartition statistique des valeurs de la 
blanketing frequency », for, (probabilité de dépasser 
È s 
certaines valeurs). 
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finition insatisfaisante, f,, n'est pas tellement dependante des caracterl- 
stiques techniques que ne Vest f, . 
i o A S i} f "e a Ag DLE INI L) 
La statistique des valeurs observees de ho, nous montre que les cas d’une 
forte occultation sont rares. 


Freiburg Il y existe une variation 
DA journalière (Fig. 15) ainsi 
ae ey que saisonniére (Fig.16) [9]. 


50 


Fig. 16. — Variation saison- 
nièere du nombre d’observa- 
tions horaires où. fg, dépas- 


0 sait 5 MHz. 
OE Mae Ae I TI ee AES O N D (Mois) 
2°2. Incidence oblique. — En incidence oblique le nombre des observations 


est assez limité. Néanmoins nous pouvons donner assez d’exemples d’occul- 
tation. L’influence de la couche E normale ne peut se présenter que sur des 
fréquences relativement basses. 

Regardons un enregistrement qui a été obtenu sur fréquence fixe de 1.95 MHz 
à une distance d’environ 1500 km (*). 

La Fig. 17 a été obtenue au lever du soleil. Avant le lever on a les con- 
ditions de nuit. Il y a un premier écho en provenance d’une couche E ou 
plutot E,. Derrière cette première 
trace on voit les échos multiples ré- 
fléchis par la région F a partir de 
3F. (En incidence oblique, è cause 
des angles de départ différents des 
parcours réflechis sur les couches E et 


{ 


Ce cuss ee 


PE i IT a: 
Fig. 18. 

Enregistrement des échos d’un émetteur « Loran » 

à une distance de 1500 km, de nuit. 


ices lie 


(*) Les traces sont inclinées parce que la synchronisation entre ?émission et l’en- 


registreur a la réception n’était qu’approximative. Les déformations visibles p.e. sur 
la Fig. 18, sont aussi dies & la synchronisation. 
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i’ peuvent exister en méme temps sans que la couche E soit transparente). Il 
y a aussi quelques traces correspondant 4 des parcours combinés (E4-F, etc.). 
Avec le lever du soleil absorption dans les couches basses augmente rapi- 
dement; par conséquent les parcours multiples commencent A disparaitre. 
D’autre part, avec l’auementation de Vionisation de la couche E, l’occul- 
tation normale coupe d’abord le parcours 3F (è cause de son incidence 
inclinée). Pendant une courte période, parmi les échos en provenance de la 
région F le parcours 4F est prépondérant. Puis il disparait aussi et nous 
n’avons qu’un seul écho venant de la couche E. Ceci est apparamment un 
cas d’occultation par la couche E normale. 

Par contre le premier enregistrement de la Fig. 18 montre un cas d’occul- 
tation par E,; ce fut une observation en pleine nuit. On y a voit les écho E, 
et 2E, avec une amplitude importante. Derrière il y a d’abord des traces 
assez faibles, les parcours 1F et 2F sont pratiquement occultés, les par- 
cours multiples a partir de 3F seulement se présentent avec l’amplitude nor- 
male. A titre de comparaison nous reproduisons en dessous de cet enregistre- 
ment un cas sans occultation (Fig. 18). 

D’autres exemples d’occultation par E; ont été obtenus sur une fréquence, 
plus élevée, d’environ 5 MHz a une distance de 1000 km. Sur la Fig. 19 on 
peut remarquer quatre traces: E,, F, 2F et 3F. Les deux dernières sont tou- 
jours présentes tandis que 1F est coupé pendant la moitié du temps. Il est 
important de noter que le parcours E, (première trace) ne remplace pas 1F 


Fig. 19. Fig. 20. 


Enregistrement des échos d’un émetteur d’environ 5 MHz a une distance de 1000 km 
(la trace est répétée deux fois pour étre mieux lisible). 


durant la période de son occultation. Assez longtemps ni 1F ni 1E, ne sont 
présents. Ceci s’explique par le fait que la couche E; a une structure nuageuse 
et que l’endroit de coupure du parcours 1F est bien différent du mielieu de 
la distance où le parcours 1B, est réfléchi. Sur la Fig. 20 il n’y a aucune 
trace E, mais une forte occultation du parcours 1F, tandis que 2F reste 
tous le temps. 

Par comparaison statistique EyFRIG [12] a pu constater que l’occultation 
par E; en incidence oblique se produit moins souvent que le laisseraient sup- 


94 — Supplemento al Nuovo Cimento. 
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poser les observations en incidence normale. Il semble que ceci soit dù è 
Vinhomogénéité de la couche E, qui permet encore le passage d’une onde dont 
la direction est légérement différente de celle de la liaison purement geo- 


métrique. 


3. — Applications pratiques. 


Le phénomène de l’occultation joue un ròle important pour le calcul de 
la LUF («lowest useful frequency ») [8]. La gamme des fréquences utilisables 
est limitée vers le haut par la MUF et vers le bas par la LUF. Considérons, 
séparément pour une distance moyenne, les différents parcours. Des parcours 
réfléchis par la région F, celui qui fait le minimum de bonds est le plus incliné 
au départ. En ce qui concerne l’absorption dans les couches basses elle est 
sans doute minimum pour ce parcours; mais d’autre part l’occultation par la 

couche E est maximum a cause du départ 


ee rasant. De cette facon si le « pouvoir 
Yy Vif transmissif» n’est pas extrémement 
"Uf, YY faible la LUF de ce parcours est déter- 
‘ff KC minée par Voccultation. Examinons 
maintenant un parcours comportant un 
bond de plus. Il est moins incliné. 
L’absorption est plus forte, mais l’occul- 
tation est plus faible. Si la LUF est 
toujours déterminée par l’occultation elle 


est inférieure a celle du parcours précé- 


; dent, donc plus avantageuse. 

0 6 12 18 24 Tu Dans le cas d’un grand « pouvoir 
Fig. 21. — Gamme utilisable sur une transmissif » (grande puissance) la possi- 
distance transatlantique en fonction de —bilité d’un certain nombre de parcours 
l’heure (les différents parcours sont est ainsi limitée par Voccultation. Dans 

séparés). un diagramme fréquence/heure (Fig. 21) 

on a plusieurs régions utilisables qui, de 

haut en bas, correspondent successivement à des parcours de plus en plus mul- 
tiples. La LUF effective se trouve enfin déterminée par un parcours où l’oc- 
cultation et l’absorption sont & peu pròs équivalentes. (Ceci dépend du pouvoir 


transmissif). Nous allons examiner quelques applications de ces résultats 
généraux. 


. A o D 3. A D DI ° 5 , }, . . $ 5 
31. Angles de départ et d’arrivée. — A Vaide de la Fig. 21 les angles peuvent 
deja etre determinés grossièrement: x, doit augmenter avec la fréquence, langle 
de depart (qui est le complément de «,) doit diminuer. Pour la fréquence 
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maximum utilisable on a un parcours presque rasant done un angle assez 
faible. (Le minimum réalisable dépend des antennes et du terrain). 

De jour on observe en effet une telle variation de langle d’arrivée. La 
Fig. 22 donne des résultats obtenus pour une liaison transatlantique. A cause 
de Vabsorption il exsite presque toujours un par- 


cours dont l’amplitude est prepondérante. 20) 70° 

De nuit les conditions sont différentes. L’oc- 
cultation par la couche E normale n’existe plus 
dans la gamme des ondes décamétriques. L’oc- 


cultation par E, ne se produit que de temps en 


temps. L’absorption est presque négligeable. Par 


consequent en ce qui concerne les LUF’s la limi- 10 15 


tation des « régions utilisables » que nous avons _ : 
Fig. 22. — Angle d’arrivée en 


‘ fonction de la fréquence 
d’amplitudes comparables sont recus en méme (New York- Berlin, été 1944 
temps. Leur coéxistence rend difficile la mesure de jour). 


obtenue de jour n’existe plus. Plusieurs parcours 


de langle d’arrivée. La seule limitation est dù a 

la MUF, c’est-a-dire au phénomène de la zéne de silence. En effet a proxi- 
mité de la MUF efficace on n’a qu’un seul parcours. On a pu constater que 
les angles correspondants sont toujours presque rasants [13]. 


3°2. Délai de transmission. — L’observation a grandes distances des signaux 
horaires [14] a montré que le délai de transmission varie en fonction de la 
fréquence; il est minimum pour les fréquences à proximité de la LUF. Ce fait 
ne peut pas étre expliqué sans que l’on fasse 
intervenir l’occultation. Le parcours ayant le 


+4 


minimum de bonds est sans doute le plus in- 
téressant en ce qui concerne Ja MUF. On 
dirait qu’il Vest aussi pour la LUF si cette 
dernière était déterminée par Vabsorption 
seule. On ne s’attendrait done pas a une va- 
riation systématique. Seulement par l’effet 
de Voccultation les parcours inclinés sont 
coupés sur les basses fréquences, d’où suit un 
délai maximum pour le maximum de l’occul- 


0,8 10 12 14 16 18 20 22 Tu tation. 
Fig. 23. — Variation moyenne En effet Vexplication des observations 
de la fréquence regue et du délai en termes d’un seul parcours [14] n’a pas 
detrans mission sur la distance donné satisfaction. A. StoYKO a constaté que 
i 2 is, 20 MHz (cour- . < siens 
Washington-Paris, ( la vitesse apparente des signaux est plus 


bes calculées à partir des données 
ionosphériques; points: résultats 
#° des observations) [15]. 


grande de nuit que de jour. En plus elle a 
trouvé une variation systématique au cours 
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de la journée [15]. Or sur fréquence fixe a cause de l’occultation on a une 
variation journaliére du nombre effectif des bonds [16]; il est maximum vers 
midi. Tenant compte de ces 
faits A. STOYKO a pu expliquer 
satisfaisamment les observa- 


tions qui ont donné un maxi- 
mum du délai de transmission 
à midi (Fig. 23). Il existe 
aussi un effet saisonnier avec 
un maximum en été [15] 
(Fig. 24). 

Une autre observation in- 


Fig. 24. — Délai de transmission (valeur totale) I Co x: 
pour un parcours de 12237 km (calcul, courbe teressante a ete faite par DE- 
et mesures: points suivant StoyKo [15]). CAUX [17]. Il a constate que la 


fréquence recue est légerement 
variable en fonetion des conditions de propagation. Il s’agit sans doute d’un 
effet Doppler introduit par la variation de la hauteur de réflexion. Or la va- 
riation de cet effet observée par DÉCAUX et CROUZARD n’est pas compatible 
avec l’hypothèse du méme par- 


cours effectif sur toutes les fré- VA SI i 12-15. IV. 1948 
quences. Dans cette hypothèse eo 
on aboutirait a une augmenta- x 


tion de Veffet lorsque la fré- 
quence augmente. Or le con- 
traire est observé, Veffet est 2a 
plus fori pour les basses fré- 


quences (Fig. 25). Ceci aussi 

Fig. 25. — Variation de la fréquence regue 
en fonction de l’heure pour la distance Paris- 
; Washington (paramétre des courbes: la fréquence 
frequences on se sert de par- émise) suivant Diécaux [17]). 

cours dont le nombre de bonds 


est dù a l’occultation qui a 
pour résultat que sur les basses 


est plus grand. Par conséquent l’effet Doppler se produit a plusieurs reprises 
sur les basses frequences d’où son importance plus grande [16]. Le méme ré- 
sultat a été obtenu par SroyxKo [15] (Fig. 23). 


3'3. Propagation ionosphérique sur des distances supérieures & 10000 km. — 
Pour ces distances les méthodes habituelles de calcul se heurtent à des diffi- 
cultés considérables. Or HARNISCHMACHER [18] a mis au point une nouvelle 
méthode qui est le développement logique de notre méthode de prévision [9], 
Son raisonnement peut étre résumé comme suit: 

La propagation pour les distances inférieures se produit dans la plupart: 
des cas dans des conditions ionosphériques qui ne son pas trop variables le long} 
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du parcours. Pour la plus grande partie de la Journée on a soit les conditions 
de jour soit celles de nuit sur l'ensemble du trajet. Or pour les distances très 
grandes ceci n'est plus vrai. On trouvera en général nuit et jour sur le trajet. 
Dans ces conditions les méthodes introduites par THEISSEN [19] pour les heures 
du crépuscule sont surtout indiquées pour les trés grandes distances. 


Il s’agit done d’introduire les parcours mirtes du type n-E+m-F. Ces 
parcours sont prépondérants parce que du còté jour du trajet il existe une 
couche E bien développée; c’est là que les n bonds sur E se produisent. Par 
contre du còté nuit il n°y a que la couche F, ayant une fréquence critique rela- 
tivement faible. Done le parcours est continué par plusieurs (m) bonds ré- 
fléchis sur la région F (Fig. 26). 

Ce raisonnement fait surtout allusion a Voccultation qui élimine les re- 
flexions sur la région F du cété jour (pour les fréquences relativement basses 
qui sont nécessaires a cause de la plus faible ionisation en F, du còté nuit). 

Sans entrer dans les détails de cette jolie méthode nous pouvons constater 
que ses résultats ont pu étre vérifiés par des expériences et que ces expériences 
ont donné complètement satisfaction [18]. 
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OSSERVAZIONI ED INTERVENTI 


— H. BREMMER: 

Est-ce-que le point de disparition de la trajectoire élévé raccordant l’émetteur et le 
recepteur est défini clairement? Il s’agit ici du rayon de Pederson qui, théoriquement, 
peut atteindre tous les points de la surface de la terre sans aucune réflection inter- 
médiaire. 


— K. RAWER: 
Le point d’évanouissement du rayon en question est simplement celui de la dispa- 
rition numérique du champ associé. 


— M. Bor.ra: 

Dans les expériences de mesure du temps de propagation des signaux horaires entre 
Turin et Washington sur la fréquence de 5 MHz, qu’on a fait en 1951, la compa- 
raison des résultats des mesures du temps de propagation avec les données des stations 
ionosphériques qui sont sur le parcours, a montré qu'il y avait dans la majorité des 
cas une propagation avec un numéro de bonds assez grand (4 ou 5 sur la distance de 
6700 km environ). Ceci correspond à des angles d’arrivée des signaux entre 15° et 20°. 
Les mésures étaient faites pendant la nuit, 4 Turin et on a l’expérience seulement 
de deux nuits. 


— K. RaweR: 

De nuit on a souvent plusieurs parcours d’intensité pareille mais il se produit aussi 
le cas d’occultation de sorte qu'il y-ait un parcours prépondérant. Si lon observe sur 
une seule fréquence et à la méme heure on retrouvera assez souvent la méme valeur. 
Nous avons eu en Allemagne des observations de Telefunken en 1938-39 qui avaient 
ainsi trouve que l’angle d’arrivée entre l'Amérique et l'Europe était toujours 15° A 20°. 
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Or, durant la guerre on a répété ces expériences en étendant la gamme des fré- 
quences observées ainsi que l’horaire des observations. Ainsi l’on a trouvé les résultats 
que ]avais indiqués. 


 P. DOMINICI: 


1) Sono assolutamente d’accordo sul maggiore significato del parametro f,x, rispetto 
al parametro tradizionale fE,. 


2) La statistica di fj, è bene che sia la più corretta possibile per gli studi della 
geofisica. A tal fine ritengo che sia utile usare per il rilevamento dei dati sperimentali 
delle ionosonde a variazione continua di frequenza piuttosto che ionosonde a cam- 
biamento di gamma, nelle quali si hanno forti variazioni della sensibilità dell'apparato 
in corrispondenza del cambiamento di gamma: è evidente allora che si ha un adden- 
samento di valori f,g, nei punti del diagramma [f,g,](f) corrispondenti alle frequenze 
di cambiamento di gamma. 
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Sur l’absorption des ondes courtes dans un milieu ionisé isotrope. 


E. ARGENCE 


Service de Prévision Ionosphérique - Fribourg en Brisgau 


1. — Considérations critiques sur la propagation dans un milieu isotrope absorbant. 


101. — Les premiers travaux sur les milieux absorbants remontent aux 
études sur la réflexion métallique effectuées en 1836 par MCCULLAGH [1] et en 
1838 par CAUCHY [2] qui ont introduit Pemploi de Vindice complexe; cette 
facon d’opérer a été critiquée récemment (1947) par ARZELIÈS qui utilise une mé- 
thode directe [3]. 

Les mesures de BEYNON [4] sur Vabsorption a incidence oblique suivies 
dune étude théorique d’APPLETON et BEYNON [5] sur le réle joué par la 
réflexion partielle dans Vabsorption d’une onde courte se propageant dans 
l’ionosphère, nous incitent & examiner de nouveau la portée du théorème de 
MARTYN (1935) et de facon plus étendue les conditions de propagation dans 
un milieu ionisé absorbant et isotrope. 

D’apres la définition habituelle, un milieu homogène est isotrope lorsque 
ses propriétés sont les mémes dans toutes les directions. Cependant en ce qui 
concerne l’ionosphère, où il existe un gradient vertical d’ionisation, cette défi- 
nition exige quelques précisions. Désignons par Y Vintersurface (surface de 
separation de deux milieux absorbants, dans tout ce qui suit nous supposerons 
le premier milieu diélectrique parfait, le second milieu absorbant). A l’appro- 
ximation de l’optique géométrique, une onde plane décrit une trajectoire, 
enveloppe des normales aux plans d’onde. Deux trajectoires dont les angles 
d’incidence sur l’intersurface sont les mémes seront identiques dans le cas 
d’un milieu stratifié — les plans de stratification étant paralléles 4 Y supposée 
plane — et définies 4 une rotation ou a une translation près. 

Nous pouvons done adopter la définition suivante du milieu ionisé isotrope: 
«Un milieu ionisé est isotrope, lorsque la trajectoire de phase d’une onde 
électromagnétique, se propageant dans un tel milieu, se trouve définie è une 
translation ou a une rotation près et lorsque, en deux points homologues, 
obtenus par rotation ou translation, l’affaiblissement de l’onde est le méme ». 


2 ’ < o ac 2, c 4 
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a 1 
Cependant comme nous le verrons plus loin une telle définition peut sou- 
lever quelques difficultés. 


1°2. Théeoreme de Martyn. — Si nous adoptons l’hypothèse, vérifiée prati- 
quement pour les région E et F, que l’on a toujours 


E E 


nous avons pour expression du décrément d’absorption a incidence normale 


ni 


(1) 0 = 108) Ras 2 
avec 
v tw? f ì , 
hi = , (coefficient d’absorption), 


26 V1 — (0/@)? 
et pour Vincidence oblique, 


J CSP J 26 Veosg— (0/0)? 


Le théorème de Martyn résulte de cette dernière expression. On a effecti- 
vement 
2 / 
v wi/w COs? — 
Om == COS Po 1a a) = = Fo e 
320 VI (w/o 08 go)? 


2, point de «réflexion » est la plus petite racine de 1— (a /@ cos go)? = 9, il 
en résulte: 
Ou = COS, 0(M cos po) (Théorème de Martyn [6)]). 


Remarques. — La démonstration précédente est insuffisante. 


1) Elle suppose que la loi de réfraction valable pour les milieux trans- 
parents est applicable aux milieux absorbants, c’est-a-dire que ym est indé- 
pendant de l’angle d’incidence gy, sur Vintersurface. 


2) Le coefficient d’extinction est également indépendant de e. 


13. — Les ondes électromagnétiques les plus générales peuvent s’ecrire 
sous la forme: 
BE, = €, exp[i(at— &)— D'| 


H, = &, exp [i(wt — D)— D'| 


270 


(av + By + yz), Dr TE (uo + vy + we) . 


Si 
Il 
| 
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sont respectivement le plans d’onde ® et d’extinetion «, f, y les cosinus di- 
recteurs de la direction de propagation; uw, v, w, les parametres directeurs d’ex- 


tinction, nous avons évidemment: 
a+ f>+ y2 = 1; uzLo + w£1. 


Le milieu étant isotrope nous pouvons choisir 2 axes arbitrairement. 

Soit Oz la direction d’extinetion, Oy Vintersection du plan d’onde et du 
plan d’extinction, la direction de propagation sera alors située dans le plan 
x0Oz et nous pourrons écrire: 


D) D) 
(3) Ep Ce OXON (0 .. (ax + 7°) = ws 


choisissons Og normal a l’intersurface et posons 


9 


of Sime Pp = cosp. 
1°4. — Ecrivons les équations de Maxwell-Lorentz 
x OH 
oa who, 
| ce ot 
(1) K,0E  4n 
| vr "_ +1 ov. V:H:= 0. 
Gai Gas 
Nous en déduisons (*): 
A xK,0°E 4x dv 
4 V7 eee xoT = 0 = — 
(4) om a xoT De Li Ae 


Nous pouvons écrire pour l’élongation d’un oscillateur 


“=U exp[ioî] 
Y= D exp (roel 
2 =W'exp|[iot]. 


D’ou Pon déduit, au facteur exp [imt] près, 


da dx 


fs mu, dun QL. ete. . 


*) Dans tout e i sui 3g to 7 = i 
; ()) De ; 0 ce qui suit, nous supposerons que x = 1, ky = 1. La vitesse des ondes 
électromagnétiques dans le vide est prise égale A VPumité. 


SUR L ABSORPTION DES ONDES COURTES DANS UN MILIEU IONISE ISOTROPE 1481 


D’autre part nous avons pour Péquation du mouvement d’un ion, si l'on 
néglige les forces de rappel et VPaction du champ magnétique extérieur: 


d2r dr 
"=> == A —- = 
m diz CL, g di 


4 


—moU = eE,— igoU ete. 


(g frottement du aux collisions). 


Dou 
D e 
(5) eee: 
140 Ma 
Nous avons également 
(5') 4rnol',, =—4nNew?U etc. (o = Ne densité de charge). 


Si nous portons ces valeurs dans l’équation (4), compte tenu de (3) nous 


obtenons 
da Veg, 
ZO == Veg 

D’où 


v= |a i 


met Von a posé: 


| Oo 
pete To) 
| pt | I 
, v= |, 
I (6) y Wi a 


. q = ; 


| wo wr? + p? 


1°5. — © désignant l’angle d’incidence, g langle de réfraction, par vole géo- 


 métrique en établit facilement que 


Vit. se BIG 
i aes 


— 
| 
= 
= 
wo 


u = V,/V, définit Pindice de réfraction en milieu absorbant. 
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Nous supposons que le premier milieu est diélectrique parfait 
Des GEE 
Désignons par /, la longueur d’onde dans le milieu 1, par A, la longueur d’onde 


dans le milieu 2; ’exponentielle d’extinction pourra s’éerire exp [— (221/A,)we], 
mais nous avons 


aan, 1 — w? /1— we 
J =z=\ , i, = | (3 » 
1 p p 
D’où 
27 On p 276 i p i 
(8) IRSA = — q (a — w) ; 
sw a eee aes ee x ia 
y est le coefficient d’extinction. 
Par hypothèse nous avons V, = 1 dans le premier milieu pour le second 
milieu avons les relations 
(9) 2.cospew = Vig, 
(y = cos 9) 
(10) 1-2 = Vip. 
D’autre part: 
[se 
= 
È | 1, — 2p?” 
de (9) et (10) nous obtenons 
(11) 2 Got 
Pw 9? 
or 
ut = p ci 
RAEE 
Nous en déduisons è partir de (11) 
(12) Quy = —2 
a Se Pe ? 
de méme 
Ne 2 
( 3) = Lp 
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Ainsi, dans le cas d’un milieu ionisé nous avons les relations: 


| SIN Po 5 
u= | 1a Wo 
| Sim ¢ | ae È am? + y? ? 
(14) Tale ey ps, avec 
v Wi 
| = 
| î ma? + p2 


1°6. Méthode de Vikonale. — Considérons Véquation de propagation: 


/ 2 


(az) 


(15) V2y + (2) ew =0, (e, costante diélectrique). 
Cherchons les solutions de la forme 


(16) p=Q exp 


DIS 
—1— A 
e 


Nous obtenons après substitution et séparation des parties réelle et ima- 
il S parties réelle et ima 


ginaire 
V6 
(17) a enna 
Q(@/e)? i 
Q S-VO 
(18) V29 + 2 (VS-VQ) Sie 


a) 


€ 


A Vapproximation de Voptique géométrique 


v0 
(19) Lae 
(w/e)?Q 
et l’équation (17) devient 
(20) Usa (Equation de Vikonale). 


Cette relation peut étre étendue formellement aux milieux absorbants. Si 
le vecteur p représente l’indice de réfraction multiplié par un vecteur unité 
dirigé suivant la direction des phases x Vindice d’extinetion multiplié par un 
vecteur unité dirigé suivant la direction d’extinction, nous pouvons écrire 


(21) UE e 


(22) (VS) =e = p—iq. 
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D'où 
(23) (VS)? = (w)?— (x)?— 2ilu-x) = p— 14 - 
C’est-a-dire 
= Ds 
(24) Tie Ge ae od 
| ala COS @ 


Nous avons admis que les plans de stratification étaient parallèles a Vinter- 


surface ©. Nous allons montrer que la loi de Descartes, peut étre étendue a 
un tel milieu supposé absorbant. 


Nous avons la relation (donnée 


par SOMMERFELD-RUNGE [7 ]) 


4 
LI 
\ 4 
a age ; 
\ / (25) VESVIST=0 
\ i 
\ È et les expressions suivantes (Fig. 1) 
\a nea dA 5 . 
| | u|sSingp+?|y|sina= Ust 7% 2, 
ve (26) | 
Nie | cm ; | "OS — ) + 
7 x. ||k|cospti]x]cosa=wu.+ix.. 
0 
Fio. 1 Nous avons d’après (25) 
a a 5 5 
OM» CU, Wie OY. 
avo, = fede (et) 
(el: 0% \ 02 Cn , 


Or par hypothese w est uniquement fonction de z, il en est de méme pour y, 


done 
0 09 
da Cx 


Par suite w, et 7, ont une valeur constante. Sur l’intersurface nous devons 


ARVO ty =e 0: 
Il en résulte d’après (26) que x = 0 et 


u Sing = Mo Sin o 


OR 


L’expression (25 


(SUCHY, [8]). 
Les expressions (24)-(27) et (14), sont identiques. 


Bs. < a 921 . . O 
Designons par dr l’élément de longueur suivant la direction du rayon; la 


) peut étre utilisée pour étude de milieux plus généraux 


>) 
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relation 
ds => VS-dr 


conduisant a l’expression 


SM = Joe, 


valable pour les milieux transparents, peut étre étendue en posant 


ds ds, us i ds, 
Cy = VS; ‘dr + VISSE dn 5 


D’ou 


S, nous permet de définir le décrément d’affaiblissement 


= VASAGICR 


dont la valeur est égale, au coefficient m/c près, a 
E fara: 


Remarque. — Nous avons deux surfaces des indices 
De oie a 
Za); o) = -|p+|p} + ‘éfrac 
1 LE 5) (oral al els ae = (refraction) , 
1 ATER Ae OM tee 
(Za) V9) = Der Vo - (extinction) , 
a \GOS P, 


de revolution autour de Oz. La méridienne est une quartique circulaire. 

Suivant une remarque d’ArzeLIÈS [9] un milieu isotrope absorbant se com- 
porte comme un milieu anisotrope monoréfringent. De là résulte une certaine 
ambiguité au sujet de définition des propriétés caractéristiques concernant de 
tels milieux (Sect. 1°1). 


486 E. ARGENCE 


47. — Les relations précédentes nous donnent 


ut = 3[p + sing, + V(p— sin go)? + 92] 


n 


sin? Po) + V (p — sin? go)? LE ql 


x =3[- 


Nous obtenons pour équation des trajectoires de phase 


dx\? 2 sin? go 
(29) a Se es ei a 
ae p— sin? gy + V(p— sil? Py)? 7 9° 
Remarques. — Les relations (14) ont été établies par CAUCHY a partir 
de la notion d’indice complexe 


ni (—ty)? 
introduit d priori. 
La direction d’extinction en résulte. (Une démonstration très claire a été 
donné par STRATTON [10]). 


1°8. Polarisation et trajectoires d’énergie. — Les équations de Maxwell- 
Lorentz nous conduisent au système: 


| (al) —1d,V = (iy + w)E, 
| (2’) —i#l,V = — (ty +w)E, + dae, 
| (3') —1#,V =— tak, 
(4') (iy + w)of,y, = Vip — ges 
| (5) — liy + w) He, + iad, = iV(p— ie, 
| (6) — ink, = iV(p— ig)E. 
| (70) ia€,, + (iy +w)E. = 0 
| (8’) iad, + (iv + w)H,=0, (V = w4/2r). 
Onde de type 1. — Supposons €, reel: 
Sig ee 
Posons pour simplifier 
Ko = Lo 
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Nous avons d’après (7 


— 


et d’apres (4’) 


oe uD iq) i. 


iy + w 


Nous pouvons écrire d’autre part 


: 2 27 
E, = EH, exp |— — wz| cos (or — va (ax + 7°) F 
x ra : x E 
EL, = Ey, exp[— tw] =— — — (y + tw), - 
VÀ GE WE 
D’où 
[ 2 
| ii -. E,» 
| ? ve + w? 
| 
: “Ww 
| Ey. sin y = ————. i 
> nian = mu 
7 I 
Nous en déduisons: 
x È w 
Eos == = Ey, tg Vea 
Vol 4 wa la 
D’où 
aE, 27 27 
EE, = ——exp |— <= wz|.cos (wt (av + ye) — w 
Vy? “= 202 A \ 7) / 


Nous obtenons de méme pour les composantes magnétiques (70, =, — 0, 
définissant l’onde la plus simple) 


| 26, a "(iq + py) + ide), 
He CORO == ae (qw + py) ; 

H,y'sin 0 = ae (qv — pw), 

aoe 


95 — Supplemento al Nuovo Cimento. 
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D’ou 


= VE, yet e 


Si 0a 


9 276 
a ws] cos (we 7 (ax + yz) - ) : 


En définitive nous avons pour Vonde de type 1: 


DI 


HB, == EX = r| cos o(t— u(x sing + 2 cos p)), 
ll 


: 5 | 
B= Leu oa = exp |- = | COS © (è — p(x sing + 2 cos gp) —> 
Vue COs? @ ns vi Ay i ( 
(30) 
/ ge - GE î Da, A i Mi: i ge 
He = es les Li exp |-- x %| cos wm |t— u(x sing + 2 cos) —è 
LG COB P — PX 
tg y = — COS @; tg 0 = 
sy x|p cos p yee ag pri 


Nous avons tenu compte de la relation w = y/w. 
Nous voyons que la composante H est polarisée linéairement, les compo- 


santes E elliptiquement et nous avons pour équations des ellipses de polari- 
sation 


(31) ( ae x) E° + Bi 2 Vir 008° 9 + 2° 
Pa sin Po 


cos QE,E,- 
42 4 : | 
— Ki exp | a sin? @ = 0K 
1 


Nous pouvons ainsi déterminer la polarisation en chaque point de la tra- 
jectoire. 

Onde de type 2. — Dans ce cas E est polarisé linéairement et H ellipti- 
quement, un calcul analogue a celui précédemment développé conduit aux 
expressions suivantes des composantes des vecteurs électrique et magnétique 


» 

| E, = M, exp |- = x cos w(t — u(x sing + <cosp)), 

1 
| AT | 
| HH, = M,6xp * SITE 

(: 32) j 1 
as SCONTO) ( p(x sing + 2 cos gy) — 4 4 
(08) 

| Yee 
| H, = M, exp |— | X12 Sin Yo COS o(t— u(e sing + 2 cos p)). 

1 
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Les trajectoires d’énergie peuvent étre définies à partir du vecteur de 
Poynting: 
] 


Sa 


PESTE HI 


Si l’on désigne par w la densité d’énergie localisée dans le milieu ionisé 
(VAN MIEGHEM, [11]), on obtient pour équation différentielle des trajectoires 


| dr DD; 

| dt w’ 

| dy D, Di, Dis P: désignant les composantes 
i 

| dt u du vecteur moyen de Poynting. 

| dz _ D. 

| dt w 


Pour l’onde de type 1 nous obtenons: 


| PD, e HLA, 
| D, = 0 
| D. == R,H, 


Posons 


PD 
u(e sing + z2cosg) = —. 


1) 


Nous avons à évaluer les intégrales: 


22/0 
o [ Liv D+ 0 
I, =— |C080 [ee - )cos o(1— - (NE, 
2r 0) @) 
0 
j et 
2a/% 


o D D 4 0 
I,= 2 [cos o ee ; COS ©) (2 - Ja : 
É 20 o (0) 
0 


Le résultat est immédiat: 


I,=4c08(w—-0), I, =4 così. 


D’ou 
da SiN Gy | - peospo ee aN re eG 
68) te Varcosip +P Wok costo Fae Vue costy + 7° H+ HP OSD 
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On obtient de méme pour l’onde de type 2: 


D | H, = +E? exp Ei. i sin G 
De = Ly, = glo CXE ni XE| MSI, 
QD, =— La Be = 4H; exp |— ae VE Vu? così @ + Via COs Y . 
rd Y x DIA) A tv / & 
Dot 
da ee 
(94) dol > Lal 


Dans ce cas la trajectoire d’énergie et la trajectoire de phase coincident. 


En résumé, l’jonosphère se comportant comme un milieu absorbant iso- 
trope peut transmettre soit le type d’onde 1, soit le type d’onde 2 et Von 
obtient pour chaque type d’onde, une trajectoire d’énergie. Ce résultat est 
valable pour des milieux absorbants plus généraux. 


109. — Le décrément d’affaiblissement de Vonde a pour expression 


(35) = 2° {xa 5 


c’est-a-dire: 
<M 


[vi (p(2) = sin? Po) +vV p(2) 


(36) = V2 = 


0 


sin? @)° + q? de. 


z, étant la plus petite racine de p — sin? g = 0. 
Nous remarquons que pour 


(p(2) — sin? po) > @(2). 


Nous avons: 


ò=— dò 


ò, designant le décrément de Martyn. 
Dans le cas des milieux fortement absorbants 


Gee to 


Mf os 
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Remarques: 


a) Certains auteurs calculent l’absorptiòn suivant la direction des phases. 
Dans ce cas: 


ou 


(37) d=2% |yds, 
: 


. 
0 


et nous avons pour les milieux faiblement absorbants: 


Zi de a a Za 
(we l@2)V 1 — (© Jo)? i 
(38) pela da 24] 
ie SCOR 15 (0/0)? ; 4 de; 
0 zizi 
(2, étant la plus petite racine de COS? go — (Wow)? = 0) et 
vee 


cu cos gp 
Les limites (0, z,— Az,) sont relatives a la région pour laquelle 
(p — Sin? po)? > @ 


Nous voyons que dans ce cas 


b) A incidence normale nous avons: 


%—Az, ; J 


(39) 5 SE (06/0)? a fa ee (A Tato 0) | _p | Vg) | (2)' 1 
CeVI- (a,/w)? È 2 2 2 


zi Az, 


Dans le cas de régions très faiblement absorbantes (0? > »°) la seconde 
intégrale est négligéable (Az, ~ 0). 


1°10. — a) Etudiant la propagation d’une onde plane dans un milieu ab- 
sorbant EPsTEIN [12] a été conduit dans le cas où Von suppose le milieu 
ionisé isotrope et stratifié a la relation suivante: 


CC) ae Ode arie. 
(40) (VS) = (3) = (C) i 
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et a poser 


dx sin Po dr, , ; dx, 
41 e leer === == == & T smo 
| de V/ n2 = sin? Po de de 
Par suite: 

| dh = Re LIO === 

| de Vn? — sin? @, 
(41') | N 

is sin @ 
| < V n* — sin? op 


Ce qui nous donne: 


Ca 2s aoe ye — sin? g) + V(p — sin? go)? + dg? 
+ sing — —__ Li, di. 


| de 2( (p — sin? qo)? + 92) 

(42). y 
| de _ RETI I wei 
|. V2((p— sin® go)? + @)(p_ sing, + V(p_ sin? gr) + @) 


dv,/dz peut étre considéré comme définissant la trajectoire de phase; da,/dz la 
trajectoire d’extinction; en ce qui concerne la méthode utilisée plus haut, il 
est aisé de voir que les trajectoires d’extinction se réduisent a des droites nor- 
males a l’intersurface. 


b) A notre point de vue la méthode d’Epstein est arbitraire. En effet, 
la relation 
(VS = p—iq 
implique 


(43) Vis = PA 


(il West pas nécessaire pour Vinstant de préciser la signification des vecteurs P 
et A), nous avons d’autre part 


(44) VxVS =0 
qui ainsi que nous l’avons vu plus haut conduit a la relation 
(45) P sin» = P, sin g (Py = 


Donc P joue le réle dun indice de réfraction, de méme A celui d’on indice 
(extinction. 
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(43) entraine les relations (Sect. 6) 


46) | 
| 


La trajectoire de phase est ainsi définie, de ce fait résulte le caractére arbi- 
traire des équations (41) et (£1'). 


111. Conelusion. — Nous avons examiné dans ce travail, un certain nombre 
de propriétés des milieux ionisés isotropes absorbants et stratifiés. La notion 
d’Ikonale permet de caractériser simplement ces milieux et d’aborder l’étude 
des trajectoires d’une onde électromagnétique. A de tels milieux se trouve 
attaché un décrément d’affaiblissement fonction de langle d’incidence. Le 
théoreme d’équivalence de Martyn reste valable dans certaines conditions 
réalisées pour les régions E et F de l’ionosphère. 

Signalons que l’étude de l’équation de propagation permet de formuler 
d’autres théoremes d’équivalence (ARGENCE, RAWER, SUCHY, [13]). 

La région D peut étre étudiée a l’aide de la méthode exposée ici, lorsque 
Von suppose que la fréquence critique locale de la région est constante, ce 
qui permet d’étendre la théorie des lames optiques et de déterminer le flux 
@énergie a la sortie de la région. Cette question sera abordée dans un autre 


travail. 
2. — Influence de la constitution des couches sur l’absorption. 

2°71. Une étude générale de ce probleme a été donnée antérieurement par 
 NICOLET et Bossy [14] et par ARGENCE, MAvoT, RAWER [15]. Nous nous 
limitons ici à étude de l’absorption sélective è incidence normale, dans le 


cas où Von suppose ©»? > »v? (régions E et F). 


| 22. Décrément d’absorption. — Nous avons à incidence normale: 


| ene I fle (6) a 
iaia (1/22(N(£)/Nm) | 


L'indice a été écrit sous la forme: 


| A 1 (fo? LUNE) (2-0) 
e A) ai ve 


È désignant l’altitude, f la frequence du signal et f. la frequence critique. 
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2°3. Absorption dans une région non-isotherme et dans une région isotherme. 


A) Cas @une région non-isotherme. 

Nous négligeons la séparation par diffusion des molécules, de telle sorte 
que Vatmosphére puisse étre considérée comme homogene. Nous supposons 
d’autre part, ce qui est en accord avec les mesures les plus récentes, que pour 
la région E, 7 est fonction linéaire de l’altitude. Nous avons pour expression 
definissant la pression p 


dy 
la = 79% (0, densité), 


g, constante de gravité est supposée indépendante de l’altitude. 
L’équation des gaz parfaits nous donne d’autre part: 


(2) p— niet 


(k, constante de Boltzmann, n concentration moléculaire), d’ou nous tirons 


cad 


dp dn UIL d Terza 
sua. = cè [Hi = ==* ‘echelle des hauteurs). 


(3) 
p n i H mg 


Le gradient de température étant une fonction de l’altitude: 


SMART DZ 
DIL, 
Or par hypothèse: 
CL re 
dg" 


Nous avons par suite les relations: 


(4) dp eel Cle UW Cuae 
Poni erie 
dn dH 1 4H 1 + 6\aH 
n VASI DT) E 
D’où 
(6) tel ale n (H\4I6 
| Po \Ho i dI TI i 


a ae 
Si nous designons par @, le flux quantique par unité de surface, o, la section 
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efficace de photoionisation, nous avons, P, désignant la production ionique, 


ee NO 
v v 
Th) = 2 » 
did, 
ds exprimant l’éléement de longueur du rayon ionisant, avec ds = — de/cos x 
(y distance zénithale solaire). 
D’ou, 
pi 
(7) Da) =U exp o, see y IDO de : 
Dans le cas d’une variation linéaire de température: 
[ Pp TU + be) H = Ait 4%) 
(8) 
| n= Ril bey eee avec JH, =f. 
Dans le cas d’une recombinaison directe, nous avons pour l’état d’équi- 
libre 
dN = 
= P—¢N*~ 0, 
dt 


(x, coefficient de recombinaison, N densité électronique). D’ou 


Os \3 
(9) Na (= n) exp | - sd sec zn de - 


Nous pouvons prendre comme limites d’intégration (2; co) Vou: 


n th H —(1+8)/B 
grana | ODE = Quel e 
fra 3 | (7) ( n 


4 
N= (“es n ©) exp 


x() 


par conséquent: 


‘ 
Li 


F 
=e BEC vt ; 


Supposons x constant (x = %), alors 


Oy S 
— sec ympHo(1 + bz) Abr) 


\F 
(10) pi A (etere) (1 L Gen eae exp 
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Variations de la fréquence de collisions. — Si nous désignons 
par D le diamètre moléculaire, m, la masse de l’électron, la théorie cinétique 


nous conduit a l’expression: 


L'indice (e, m) précisant qu’il s’agit de chocs entre électrons et molécules 
neutres, » étant le nombre de chocs correspondant a la température 75, v le 
nombre de chocs pour la température 7, nous obtenons la relation 


a) Dans le cas dune région isotherme: 


Tp NEMI (EXP |- I a x 


de 


v 


| 

| 

| 

TO 

| (=e OX 
| 

Re 

| 


b) Dans le cas d’une région non-isotherme, compte tenu des hypothèses 
précédentes (8), 


(13) ca = (16 be) A/bz9) 1 


Vo 


Calcul du décrément d’affaiblissement. — Compte tenu de (6), 
nous avons pour expression du décrément 


VIE y'°(1 + be) 3 } exp si sE 2] 


O 
(14) ati 


avec les notations suivantes: 
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N, = densité électronique au maximum de la couche: 


2 (Piet) i 


x 
N co Ks 1 
n= felf; n= mn K==sec y noHo; ali 
=n nl 0 


1 | a? exp[— a] dx 


15 = : 
(15) ” K 


VI—-n°K++53+4 exp[— a] 


«/ 


Dans le cas où Von admet pour le coefficient de recombinaison une loi de 


variation de la forme 
n m 
A= Lo 6” 5 
No, 


nous sommes conduits a une intégrale de méme forme générale, 


x exp [— x]dax 
(16) A = [5 i dA = 
JVI— gx* exp [— x] 
Calcul de l’intégrale A, valeurs numériques. — Dans le cas de 


la traversée (7 <1) les limites sont 0 et co; dans le cas de la réflexion x et 00; 
x, désignant la plus grande racine de Péquation transcendante 


Igor = 0. 


Développant Vexpression précédente nous obtenons: 


i 


(17) A = [rmexp[ 23ae + 


21:3... (2n—1) 1 A, a h 
| n fj es |) Cae) |= 2ONGLAT 
Î È D -4 Ta on g (n + ei I [ ] 


ou Von a pose: 
X=(n+1)a. 
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Dans le cas de la traversée: 
(18) ee exp dx = (nk = haa). 
0 
Dans le cas de la réflexion : 
(19) [se exp ATX — Gran mk eet) 
(n+ 12 


Q(x, p) désignant la fonction de Prym 


DD 


(20) OG pS exp [—t|t?-1dt. 


x 


Nous avons supposé jusqu’ici que la couche était infiniment étendue, en réa- 
lité nous devons admettre Vexistence, imposée par les données expérimentalesr 
de deux limites finies a et b pour la variation de x, et x, et £, définies pa, 


Cn = (N+1)a 


8, = (n+ 1)b 


pour la variation de X. Les intégrales pourront étre exprimées dans ce cas 
a l’aide des fonctions de Whittaker ou comme différence de fonctions de Prym. 
Dans tous les cas le radical 
G4 1 
| R = — rn = +. 
V1— g exp [— x]a* 
peut étre développé en série, puisque 
gxke-*|< 1 et Von intégre terme A terme 
la série ainsi obtenue. 
Notons que la variation de expression 


G = 1— gear 


xV 


présente allure suivante en fonction du 
Fio. 2: paramètre g (Fig. 2). 

Le minimum a lieu pour 
0G 


—=0. 
Ox 
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Soit 


quelque soit g. 
Nous sommes conduits a caleuler les intégrales: 


2 
p 


J x; P) = xe exp[— X]dX , 
et l’on peut poser: ; 
e=(n+1)a; B=(n+1)d; p=nk ah 1 
Jy(%, B) = Qr(«) — Q,(B) 


(x) désignant la fonction de Prym. 
Les tables de Pearson permettent alors d’effectuer les calculs. 
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Cependant il est plus commode d’effectuer le calcul direct; on peut pro- 


céder ainsi: 


a) Pour y faible devant p, 
a : : 1 . 
(21) Q[y) = L(p)— ae [— yly’Ay) 5 
A(y) désignant la série convergente 


Vee s Yy° Ah Ho & a 
(PER pena. 


Ip) désignant la fonction d’ Euler 


ao 


Ip) = [exp [— a]e?-1dx. 


0 
b) Pour y grand devant p, 
Q,(y) = y? * exp[— y]B(y) , 
ou B(y) désigne le développement asymptotique 


a —1)(p—2 p—1)... (p— 
sip, eae 230 1)(p SORGERE A Wire) 


y y y” 


On peut utiliser également la relation de récurrence: 


Oa a? exp PO). 
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— Valeurs numériques. 
Nous considérons les trois cas suivants: 


Cas > b | 7 IK 
| considerés | 
| 
A 0.0222 6.45 9.51 
B » | ) 18.5 
C » | » 64.0 


le cas de la traversée les limites 


~ = tS Z Ni 
mn fa 26.1 x, = 0.498% 
| CA = 10 X, = 48.0134 
SI RQ Sy 
ks f CA 16.8 Lo 2.3949 
| DA =—10 x, = 93.401 
x J 2 7.64 Ly 23.298 
| CA = 10 x, = 323.118 
et les valeurs de g = 72K 
vib (UGG 5 (Wes) 1558 (Uke) — (Oey) (Ole AWC = (NOS) 
n' | g n' g n' g 
0.162 0.007 147 0.261 0.012 632 ZO 475.963 
0.324 0.028 587 0.522 0.050 527 ORD, 512.074 
1.140 0.353 910 1.740 0.561 414 95.5 | 825.855 
1.945 1.030 201 3.130 1.816 659 334 10 101.990 
2.590 1.826 763 3.650 2.470 418 8 840 7 076 220 
2.920 2.321 926 4.170 3.224 459 2-1 470.725 
3.000 2.450 898 4.250 3.349 366 | 70.0 443.704 
| 4.330 3.476646 | 61.8 345.839 | 
| 4.770 4.219 116 
Cas C (traversée). 
Nous avons à utiliser la formule: 
A=IPL4IL+4..+41I 
avec 
: ne i @ = 23.298. 
Pro =k + 3; k=0.5775; oy =(n + La; Be = (SP 1)6 J ee 
|b = 323.118, 
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_ 15393... (2% — 1) II 
is Ti CORRECT g (n + 1) (Qu, (n) a Q»,(Bn)) . 


Pour calculer 7,(Y) on peut utiliser le développement asymptotique 


(4) = y exp[— y]B,(y) 


et nous avons 


Qp (Xn) > On (Bn) 


QeulBa) _ (Bu)’»texp [— Bo] 
Qa, (%n) (o,)?-* exp te On | 


b 
(7) exp[_—(n+1)b—a)] = (14)"* exp [— (n + 1)300], 


Sl 


me 


valeur négligeable. 
Il en résulte 


B, 1-3... (2n—1) 
exp [— n(a— k log a— log g)], 


RY Tea exp) — x 
1°) Pl greg PE Boe PHC 
et 
Ere 
= exp [— (a— k log a— log g)| = exp[— 4]. 


Ta 
C’est-a-dire, pour le cas considéré, 


exp[— A] < 0.002. 


Done nous avons sensiblement 


Ae IS 


résultat indépendant de g. 
Ce qui nous conduit a la valeur de ò,, 


eri, 
= oy? (7 k-1)3.75-1071 | 
y 
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Cas B (traversée). 


K =18.5 et nous obtenons 
a = 16.8; tI, = 2.3949 , 
z, = 10 C= a 408 


Là encore on utilise l’expression asymptotique 


: DELA i 
(24) Q,(y) = y? exp [— y] (1 È = + ...), 
‘ y Yy 
et nous obtenons le tableau suivant: 
I, = 0.1665 
| | | | | 
n° | 0.261 | 0.522 | 1.740 | 3.130 È 3.650 | 4.170 | 4.250 | 4.330 | 4.70 
— = sl; IO = a 
| A 0.1666 | 1.6881 | 0.1702 | 0.1793 0.1851 0.1928 | 0.1942 | 0.1957 | 0.2054 | 
et ensuite 
By ap al 4 
QO, = } fel 
5 ac! by 
avec 
er ail 
a (200 STATO 
Cas A. 
K = 9.51, et nous obtenons 
= Ii Lo = OL4987 
a, = 1D) i, ASI, 


9h | 
se r_ 13-01) ge 
i 24... 2N (m + 1)n+8 Qn, (%n) ’ 


avec 


=(n+1)a 


’ 
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Dans ce cas on utilise l’expression: 


(cel 


0 Quly) = fre May = 0)! aE Aq), 
et Von a 
Qo, (En) ID.) AG 
Gy = rsd ie a? exp [— a] a exp [— n(a— k log a)]. 


Il est a noter que la convergence des séries est très lente: 
Nous obtenons le tableau suivant: 


I, = 0.7106 
n' 0.162 0.324 1.140 1.945 2.590 2.920 | 3.000 
, A 0.7113 0.7133 | 0.7466 0.8407 1.055 1.38 1.58 


Cas de la réflexion. 


x 


La variable x est liée à l’altitude 2 par la relation 


n= be) a Pi ey ete 


Considérons l’intégrale positive 


b 
A R 
V1I— ga exp[— 2] 
Avec i 
ere k = 0.5775 , 


72 


g=n°K*, b=0.0222. 


La variation de l’expression (f(2) = 1— 
— ge-"x*) présente l’allure indiqué par la fi- 
gure 3, a est la plus grande racine de i(2) = 0 
et quel que soit # on a: 


Oak =a20.00 115". 


96 — Suvplemento al Nuovo Cimento. 
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Dans le cas A et B on obtient les valeurs suivantes: 

z n! g a=% | b=a,| 2 n g a=x | ba 
BAW | SOI 2.4673 | 0.6826 | 18.013 | 16.8 5.95 6.5648 | 2.3948 | 93.402 
20 3.09 2.6002 | 0.8891 — 15 7.24 9.7200 | 2.8975 = 
15 3.59 5.3097 | 1.4815 = 10 18.6 64.152 5.0765 = 
10 5.40 7.9409 | 2.6096 = 5 132.3 3 245.67 9.3825 = 

8.5] 6.55 11.6833 | 3.1186 == 

5 13.60 50.3687 | 4.8231 — 

0 116.1 | 3670.685 9.51 — | 

1) db étant relativement grand, on remplace l’intégrale 
b 
A = fa, 
a 
par 


la différence 


A = fe) da; 


a 


foo} 


| g(a) da ~ | xt exp[— a]da, 
b 


b 


est négligeable devant 


(co) 


Jo exp [— «]da, 


a 


et a fortiori devant 


Jr danas 


a 


Nous considérons done Vintégrale 


[ce] 


/ | a exp[— a] da 
V1— gat exp [— a] 


a 
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2) L’expression f(x) peut s’écrire: 


Sous cette forme on peut utiliser la méthode de Gauss généralisée: 


D 


Ve ah) 


Ce qui nous permettra d’obtenir une convergence plus rapide. 
La substitution 7 = a + (2/2) nous conduit au caleul de 


A /2 exp [— a] ff ua exp | 5| dt 
4 == Vv di ian È =——.— _—— = 
V H(t) a 
0 
+0 +o 
| /2 “(a + t2/2)? | sl 4/2 
pla | ——— ex ~| dt = exp[— a] | exp |— —| F(t) dt 
gol al vig P| 2 2 ì 


En complétant la fonction H(t) dans 
l’intervalle (— co, 0) par 


H(—1) = Hit) ea’ Al 


la fonction 


_ (4 + 8/2) | - 
Me VH(t) ; 0 t 
Fio. 4. 


est ainsi une fonction paire. 

On remplace F(t) par un polynome de degré pair orthogonal par rapport 
à exp [— t*/2] (HERMITE). 

On obtient une approximation suffisante (10-? à 10-4 en valeur relative) 
en prenant 6 valeurs de t (2 a 2 opposées), 


+0 5 
(29) | F(t) exp | 5 dt = 2(M,F, + M,F, + M;Fi). 


—_ ce 
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alors 
to OLG1LO7 OF M,: 1.024781 
t,: 1.889176 Mi: 0222 127 
US SZ M;: 0.006 406 


et nous avons les resultats numériques suivants: 


A (K= 9.51) B (K-= 18.5) 

E n' a=% A Zz 7 a=% A 
22.7 3.01 0.6826 1.698 16.8 DoD 2.3949 0.3393 
20 3.09 0.8892 1.339 15 7.24 2.8975 0.2194 
15 3.59 1.4895 0.7520 10 18.6 5.0765 0.043260 
10 5.40 2.6006 0.2986 5 132.3 9.3825 0.000539 

8.5 6.55 3.1187 0.1913 

5 13.60 3.8231 0.04147 

0 116.1 9.510 0.000431 


B) Cas d’une région isotherme. 

Dans le cas où la région traversée par l’onde est isotherme, nous pouvons 
utiliser pour la variation de la fréquence de collisions la relation (12) et nous 
pouvons supposer que la loi de variation de la densité électronique est du type 
quadratique, ce qui d’une part est une bonne approximation de la formule 
générale de Chapman et ce qui d’autre parte se trouve sensiblement vérifié 
dans le cas d’une région inosphérique normale. 

Nous désignerons par £ l’altitude calculée a partir du maximum d’ioni- 
sation et par £,, la demi-épaisseur de la couche, nous avons pour loi de varia- 
tion de Vindice en fonction de l’altitude: 


v I) 


et pour loi de variation du nombre de chocs: 


aa 


D’où Vexpression du décrément: 


bi 
(31) ewe: pe [S/F eee ae 
2c \f A) Hoa (E/E,,)) 


aU 


x ? 2 "i 2 a SITANONT 3 Si a 
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Pour la commodité des calculs nous poserons: 


= 7. 
j ] 
Caleul de l’intégrale F(n). 


Cas de la réflexion (7 = f./f> 1). 
Le décrément peut s’écrire: 


1 
Mex E RE E 
(32) DE a 18. | exp |[ému/H]1—- u les EEA 
ze V1— 72(1 — u?) Er 
Va?-1/n 
Si nous effectuons le changement de variable 
£ 
v=hu=—A—, 
et en posant 
eee 
Val 
le décrément 6, a pour expression 
| 5935 o Vin P 
(33) dem (7), 
avec 
A 
exp [«(v/A)](1 — 02/42) dv 
Vo—1 


1 


Pour l’intégration nous pouvons utiliser les fonctions de Legendre de deu- 
xiéme expèce. En effet on peut écrire: 


A 
F(n) = n exp [a] [= [— a(1 a — 02/42) dv 


C'est-à-dire en développant en série entiére de x et en posant g = 1/4, 


1/9 
dv x MIE, 
sl 
a? 


3 
CU Geet e Green: : 


21 
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1/9 


Voa—1 


1 


Les fonctions G,(4) peuvent étre calculées une fois pour toutes; on en de- 
duira G(Z) pour une valeur quelconque de x. On peut écrire: 


1— g?v? = (1—gv)(2—(1—gv)) 
et si Pon pose 
1/9 


1 s)n 
lal. - {=e dv, 
Nad 


1 


nous avons la relation de récurrence 
Ga = 2Hnsa,— Anis 


La fonction H, s’exprime à Vaide de la fonction de Legendre de seconde 
espece. 


En effet, 
n[Vn?—1 
1 CAVESE 
Ea = =, (At dv 5 
1) Voi i 
al 
ou en posant 
logVin+b/@-» 
IL = 
(35) H,(m)= = fl = Vip — 1 cosh 6)" d9= 0,7) 4 


4] 
0 


L’intégrale est une forme intégrale classique de la fonction de Legendre 
de deuxième espèce. 


Il existe des tables de la fonetion (n, donnant les valeurs de la fonction 
avec six chiffres significatifs. 

Pour les valeurs 7>10 un calcul direct 4 partir de l’expression hyper- 
géométrique de Q, est facile. 

Cas de la traversée, 7<1; (f./f<1). 

Nous sommes ramenés au calcul de Vintégrale: 


(88) g(M) = n | da ua e 
we 


~ 


cu 
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avec 


ul _ u 
eens 5 w= I 
| Vaa—1 i 


Le développement de l’exponentielle nous donne 


+u 
p(n) =" iL (1 — w?/u?) dw (1 aw ic A .) 
Vw? + fw? + 1 \ “ 2 hu 
a? ot 
(4) = Poly) + cer (4) + zi Pa(N) +..., 
puisque 
Pi == P3 TT e06 = Panta == 0, 
avec 


“a — w°]u?)(w/u)?" dw “(1 — wn? )w ue 
Pan(M) =" — = 27) 
Vw + 1 Vw +1 = ss ER 
igs 


Cette intégrale peut s’écrire 


en posant 


(Li E d 
we" dw 
a ae | 
ì Vw + 1?" 


ce qui donne pour développement de (7) 


avec 
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OSSERVAZIONI ED INTERVENTI 


— P. DOMINICI: 


Dal punto di vista fisico, una notevole limitazione nel calcolo dell’assorbimento 
ionosferico, è che, con le approssimazioni usuali, l’attendibilità delle formole finali è 
buona solo nel caso di onde di frequenza sufficientemente elevata: già nel caso di onde 
decametriche per lunghezze di cammino dell'onda dell’ordine di 7 si possono avere 


notevoli variazioni della densità elettronica, e non valgono più le considerazioni del- 
l’ottica geometrica. 


— E. ARGENCE: 


Le probléme a été examiné dans le cadre de POptique Physique dans un travail 
antérieur effectué en collaboration avec K. Rawer et K. SucHy 


ainsi que nous l’avons 
indiqué au cours de cet exposé. 


— D. GRAFFI: 


I risultati ottenuti possono estendersi anche nella ipotesi di una ionosfera 


strati- 
ficata sfericamente? 


— E. ARGENCE: 


L'estensione non è possibile. 


SUPPLEMENTO AL VOLUME IV, SERIE X N. 4, 1956 
DEL NUOVO CIMENTO 2° Semestre 


Sur la détermination du nombre de chocs 
relatif a la région F. de l’ionosphère. 


E. ARGENCE et K. RAWER 


Service de Prévision Ionosphérique - Fribourg en Brisgau 


1. — Effet de focalisation. 


11. — L’amplitude des échos ionosphériques a été mesurée dès le début 
des recherches concernant l’ionosphère dans le but de déterminer l’absorption 
due aux couches. 

Durant la journée les couches basses sont a l’origine d’une forte absorption. 
De nuit ces couches ayant a peu pres disparu, absorption due a la couche F, 
peut étre déterminée. Cette détermination offre cependant quelques difficultés 
car l’absorption est faible. 

Une étude théorique a la fois simple et élégante de ces expériences a été 
donnée par RATCLIFFE [1]. 

Les formules correspondantes ont été discutées antérieurement par Pun 
de nous [2]. Les limites imposées au raisonnement par suite de existence de 
fading ont également été indiquées. Nous devons chercher a éliminer leur 
influence lors du dépouillement; l’action des fading rapides dus surtout aux 
changement de l’état de polarisation est facile è éliminer; on doit alors répeter 
plusieurs fois la méme mesure et effectuer le calcul a Vaide de la médiane des 
observations. 

Contrairement è une opinion assez souvent répandue Vinfluence de ces 
effets de polarisation n’est pas trés génante et n’est pas une cause importante 
d’erreurs. 

Par contre la présence d’une houle ionosphérique joue un ròle beaucoup 
plus important. Ce point de vue est également celui de Pracorr [3]. 

Ces influences font perdre beaucoup de leur valeur aux mesures isolées. 
C'est ensemble des mesures qui peut donner une information significative. 
Seule la statistique d’un grand nombre d’expériences posséde une signification 
précise et l’on peut déduire absorption médiane de la médiane des mesures. 
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De la dispersion des valeurs mesurées on peut chercher 4 mettre en evidence 
la «houle » responsable de Veffet perturbateur [4]. 

Cette facon de procéder revient à une perte d’information due au fait que 
les mesures isolées ne peuvent pas étre exprimées dans les termes d’une théorie 
simplifiée. Il nous a done semblé utile de considérer une théorie plus complete, 
tenant compte de Vaction de la houle. 


12. — La hauteur effective de réflexion 2, peut étre représentée par 


277% 
(1) z=2 + 4 cos > 
ou A représente l’amplitude et A la longueur d’onde de la houle considérée. 

D’aprés une estimation due 4 PIERCE et MIMNo [5] on sait que pour la 
région F, A ~100km et A ~100m. Ce qui nous permet de négliger les 
termes d’ordre supérieur de A/A et de A/z. 

D’autre part l’inclinaison est toujours faible et par conséquent les par- 
cours demeurent sensiblement verticaux. Les calculs ont été effectués compte 
tenu de ces hypothèses. 

Soit un émetteur placé en a). Considérons le premier écho regu nous trou- 
vons pour valeur du coefficient an- 
gulaire au point de réflexion @y 


(Fig. 1) 
(È) to Xu 
dx/n 2(d1) Ì 


D’ot Yon obtient a Vaide de (1) 
(4 < %) 


(3) Ca Ly = %o —— 


Quant au deuxième écho (Fig. 2) la 
condition de réflexion est donnée par 


(4) a pe ele 
def 2 2p) 
Nous en déduisons: 
(5) Vol diy 2 sin as, DE 
21 0 0 A 1 “ 20 di i a 


Le déplacement du point de réflexion est négligeable étant donné que la 
houle peut étre considérée comme faible. 


Dans ces conditions pour déterminer la valeur du champ il suffit de con- 
siderer l’effet dà & la courbure de Vionosphére au point de réflexion. Consi- 


SUR LA DETERMINATION DU NOMBRE DE CHOCS RELATIF A LA REGION Fo ETC. 
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dérons une ionosphère incurvée (rayon 0) 
et une terre plane (la courbure terrestre 
est négligeable par rapport A celle de la 
houle). Le décrément « photométrique », 05h 
pour un écho à p bonds est fonction du 
diametre d’un faisceau mince réfléchi p 
fois par l’ionosphère (et p—1 fois par le 
sol) [6]. A Vaide de la Fig. 3 on déduit par 
voie géométrique (x, 8, g étant petits) 


(6) Bfi=a— gp; 


D, est le diamètre du faisceau après une 
réflexion sur l’ionosphère. Pour calculer D, 
(le diamètre aprés deux réflexions) on peut 
écrire 


(8) Yi = a7—GM +; 


et Von trouve 


(9) du 


La suite des 


eso), 
ETA] 
| x ON 0 
(10) | 
| Ps = 6H (1-4) (1-5 2) (1-42), 
x Q 30 Ù 
| oe H Aia] 4 _H 
gala 


Il y a focalisation lorsque le diamètre s’annule et l’on a toujours la solution 
H/o =1. Pour les échos multiples on trouve pour les valeurs critiques de la 
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courbure 
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Ordre 
| de réflexion 


Valeurs critiques de la courbure H/ 


D> 


A Dm 


ih — = 


Le décrément photométrique s’écrit alors: 


| ay 
d® Le 
oe | (3) 
Beas 
| Oe = 
où 
(11a) 


= 20 log (2H) + L, 


= 20 log (4H) + L, + Ly 


20 log (6H) + L, + L, + L, 


0.147 


20 log (8H) + LZ, + Ly + Lo,853 + Lo,147 


il 
LT, = 10 log|1—- 
q 


dans le cas d’une houle cylindrique. Le facteur est 20 au lieu de 10 pour une 


houle sphérique. 


Dans le cas d’une courbure concave de l’ionosphère les fonctions L sont 
presque toujours négatives. L’affaiblissement est plus faible que celui dù A 


une couche plane. 
Par contre pour 
une courbure con- 
vexe. (H/o =<20) 
l’affaiblissement 
est plus fort. 
Les fonctions 
L sont représen- 
tées sur la Fig. 4. 
Nous remarquons 
que l’influence de 
la houle est net- 
tement dissymé- 
trique. L’ effet 
reste faible dans 
le cas d’une cour- 
bure convexe, il 
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ne devient important que pour les valeurs positives de H /o voisines des va- 
leurs critiques de focalisation. 


1°3. — Dans le but d’évaluer la « perte de transmission » P, [7] il faut faire 
entrer en ligne de compte le décrément d’absorption 6, et la perte due, au sol Ons 
De sorte que nous pouvons écrire pour la perte correspondant aux échos suc- 
cessifs 


(1.12) PP = E)— E) = 6 + pd. + (p—1)6, ; 


<E,> étant le champ en db au dessus de 1 uV/m, <E,) le champ de référence a 
1 km au dessus de l’émetteur. 
Par comparaison nous déduisons 


a) de l’amplitude du premier et du deuxieme écho: 


6+ 0, = An — Li 


(13) | 
| Ae a CE, > — (H,> — 20 log 2 3 


b) de amplitude du premier et du troisieme écho: 


aS eas 
(14) } 
| AT HL) — <E;y — 20 log 3. 


Les A sont les valeurs du décrément dans Vhypothese ot la couche est 


supposée plane. 

De Vobservation de trois échos successifs on peut déterminer trois para- 
mètres; le rayonnement caractérisé par <H,>, le décrément d’absorption è», 
et la courbure H/o. 

Le procédé le plus simple consiste a effectuer d’abord Vévaluation abituelle 
c’est-à-dire de calculer A, et /4,3. Nous obtenons 


(15) G=Agp-Agn=L-3L+L 

Cette fonction est représentée par la Fig. 5 (cas d’une houle cylindrique; 
les ordonnées doivent étre multipli¢es par 2 dans le cas d’une houle sphérique). 

Nous avons séparé ainsi les effets d’absorption et de focalisation. Si Pon 
suppose connu le rayonnement vertical (« force cymomotrice ») du sondeur, 
les mesures relatives à deux échos suffisent (équations (12) et (13)). 

Dans le cas des échos multiples on doit considérer la perte au sol. De jour 
cette influence est faible comparée A celle de l’absorption; de nuit elle n’est 
pas négligeable. A première vue il semble que Von puisse envisager la déter- 
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mination directe de d,, 6, et de H/o a Vaide des mesures relatives aux trols 
premiers échos, cependant l’incertitude numérique demeure trop grande. 


aii | 


T Tesla 
[ ae £1-F(lirls} 4 J 


I db 


| 
: 


| 


Il nous a paru préférable de calculer 6, a partir des formules de Fresnel. 
Nous avons considéré les valeurs des paramètres relatives à un «bon» et 
à un «très bon» sol (constante diélectrique relative e = 25 et 4, conducti- 
bilité o = 0.03 et 0.01 Q-1 m-1). Le résultat pour le cas de l’incidence nor- 
male est donné dans le Table ci-dessous. 


TABLE I 
Fréquence en MHz 1 2 | 3 | 4 5 6 
| | | 
Valeurs de { Bon sol 1.0 Lite See lcs 22 2.5 2.8 
dp (db) | Très bon sol} 0.6 08 | 1.0 ie 1.4 1.6 


Notre connaissance des qualités du terrain ne nous permet pas d’obtenir 
une précision supérieure, il semble toutefois que les valeurs les plus élevées 
de ò, figurant dans la première ligne sont plus proches de la réalité et en accord 
avec les expériences effectuées pres de Fribourg en Brisgau. 


2. — Calcul du décrement d’absorption dans le cas d’une fréquence de collisions 
électrons-ions. 


2°1. — Le caleul de la fréquence de collision électrons-ions (v,,) (*) s'est 
montré @une grande importance dans les études de radio-astronomie, il a fait 


(*) Le nombre de chocs entre électrons et ions est indiqué indifféremment par v,, ou ». 
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l’objet des travaux de MAJUMDAR [7], GINSBURG [8], CHAPMAN et CowLING [Sf 
SMERD et WESTFOLD [10] et DENISSE [LI]: 

Les différentes expressions ainsi obtenues sont pratiquement équivalentes. 
Nous utiliserons l’expression de Majumdar: 


3 LN 
(16) y=1.8 TF [log (£ETa—C— 1)], 


(Z nombre de charges du noyau; k constante de Boltzmann; N densité ionique, 
sensiblement égale à la densité électronique). 
Nous avons 


kTa>C4+1, 
de sorte que nous sommes en droit d’écrire 


Z°N 
Ti log (KTa). 


(17) vr = 1.8 
C’est-a-dire en explicitant: 
x = 6.63-10279? ; b=ta: a = (N) 


(18) v = Bi(N log B,— 8N log N), 


By = 1.66 -10”%T 


eZee 
i= Ti cmî 87, 


Puisque 
log By > # 
nous négligerons le second terme de (18) et nous écrirons 
(19) y~ fp, log PN. 


22. — Cas d’une variation parabolique de la densité électronique. 
a) N, désignant la valeur maximum de la densité électronique nous 
pouvons écrire: 


NN lk Y?) avec Y = 2/27. 
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D’ot nous déduisons pour la valeur du décrément: 


nu ee ee 
ae VEE) a V1 — (1/u2)1—= Y?) 
avec 
i =--5 BN» log (5 oe = 3 BN, 
u = È . 
fe 


Si nous effectuons le changement de variable 


1— Y?=7v'*7, 


nous obtenons 


sae 


(20) 0, — [(A, + 24, log u)I, — Azle] , 


et nous avons a évaluer les intégrales 


he 
(21) A I ni dp Tu - | n? log n dn 
VA—n)(1— wn)’ V/ (1 — n)(1 — um) 


No 


Les limites ayant respectivement pour valeurs 


= 0 
(e (réflexion) , 
| m=! 
f ‘(== 2 (traversée) . 
l n= 


On établit facilement que la contribution de Vintégrale I, est négligeable 
devant celle de I,. 


D’où il résulte que Von peut écrire: 
(22) be Nigel ee 
de ave 


b) Nous pouvons procéder au calcul de Vintégrale I, 
1) Cas de la réflexion: 


i 


I =| n° dy 
FESSO 
JIVA—mMA— wen)’ 


pe, 
ee 
J SA 


% 
— 
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dou 
5 1/1 + w\2 
199) LS x | Si ec 
avec 


1+ % 3u 
l—-u 1+u? 


1 /i— u?\2 
a(n) = [1 +3(=4) lo 


2) Cas de la traversée: 


1/u? 


na 2u | n? dy 
eee E + = ; j 


(u? — 1)/2u? 


Ce qui nous donne 


1/14 u?\2 
= BOTS G2(U) ; 
avec 


g(u) = 


Af? —= AN 1+u 3U 
i es ae sea E 
+ sla) | oes 14° 


2°3. Cas d’une distribution de Chapman. — Posons avec les notations habi- 
tuelles 


(._R_h 
Ea 
IRSA A 
za 


Nous avons pour expression de la loi de variation de la densité électronique 
N = N,, exp [4(1 — 2— sec ye-)] 


IE 
a Il 


Sa dz. 


Effectuons le changement de variable 


% == (7 see 7) 6Xp 


-i} 


Saloni (1 
02 = Oo [fe exp [— 2x2] dx + Y mia so han [ane exp [— (2-+n)w?] da} , 


Nous obtenons 


n=1 


97 — Supplemento al Nuovo Cimento. 
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avec 


do =f log Bo Nma/2e(cos y)}aH , 


(x= (2) vo; = fos 2). 


Pour le cas de la réflexion, les limites sont x; et co, a, étant la 
plus grande racine de 


1— axe" — 0 (= 


, . . Pg 
Pour le cas de la traversée les limites sont 0 et co (f>f.). Exa- 
minons le second cas en premier lieu, 


Traversée: 


2 ~ 1:3-:5... (2n—1 Î 
A (2) = xexp[— 2x?]dx+ > - DA { = o gl far exp [— (2+ n)x?] da. 
a ye: en) . 
Effectuons le changement de variable 
t 
di = 
V2(n + 2) 
Nous obtenons 
1 Ual 
ponti 7 1 n2 Sx n 
fe exp [— (2 + n)a?] dx Dei alt + exp E . di. 
0 0 


Nous devons finalement calculer 


joe) 


a fe = fe exp |- S| Cie 


0 


Nous obtenons ainsi les relations 


2 


i 2 
di = pi? exp |- 5| == ell exp 


d i 
AG exp |— 


pleas 4 Dos = 0, 
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d’où nous déduisons respectivement pour les cas p = 2m et p = 2m + 1 
È [tt 
Tom = 1:3°5 26 (2M — Ys ‘ 
pren = Bebo ep 
Réflexion: 
a 
= dod, (È), 
A [ © 1-3-5... (2n—1 
A; È) = Ja exp [— 2a7]dx + > - DA = ) an fanta exp [— (n+2)x?2] dar. 
ae 2-4... 2n ; 
ci 


xi 


Le méme changement de variable que précédemment nous conduit aux 
intégrales 


ico] 


t? ws 
A fo exp - sa, (t = 2x,V2(n + 2)). 


Pi 
t 


1 


La relation 


2 p 
le exp |- 5) = pt?! exp |- a — t?+1 exp 


4 


i? 
da 


nous donne la nouvelle relation de récurrence 


Tati = DI 31 se Mp 4 (2, 


Jom se calcule a partir de 


eo Pi 
Ja = Jexp os si 
ty 
c’est-à-dire 
dr 2 Jexp [— 0@2]d0, 
a, ln+2 


ia a parve de 
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Nous avons d’autre part 


AY gb == 
To == V2 E (OW 1 ce >) 2) 


E,,(v) désignant la fonction de Gauss 


v 


Belt) == Jexp [— v?] dv. 


ri 
3. — Les mesures. 


801. — Nous avons effectué un certain nombre d’observations durant les 
nuits @hiver 1949-50. Un rapport préliminaire a déjà été publié [12]. Nous 
allons utiliser les résultats théoriques que nous venons d’exposer en vue de 
déterminer le nombre de chocs relatif a la région F,. 

Après avoir mesuré la fréquence critique de la couche F,, nous avons choisi 
un certain nombre de fréquences, les mesures ont été effectuées a partir de 
la plus basse des fréquences, l’intervalle de lecture étant de 10 secondes. 
L’amplitude de chaque écho a été évalué sur Pécran gradué d’un oscilloscope 
étalonné avec le récepteur & impulsion en tension d’entrée [2]. Après une 
douzaine de lectures nous avons opéré avec une nouvelle fréquénce et la mé- 
diane des amplitudes mesurées a été utilisée pour l’évaluation suivante. Une 
fois mesurées les amplitudes sur les fréquences choisies, compte tenu du brouil- 
lage, nous avons déterminé de nouveau le « passage » de la fréquence critique, 
de facon a procéder une nouvelle fois & la détermination de cet important 
parametre. 


3°2. Interprétation. — L’interprétation des résultats présente un certain 
nombre de difficultés dies au caractére ambigu du phénomène de focalisation. 

Nous mesurons la valeur moyenne du champ au sol, de sorte que la dis- 
tinction entre rayons divergents et rayons convergents est impossible. 


L’ambiguité peut cependant étre levée dans la plupart des cas si Von tient 
compte des faits suivants: 


a) Les valeurs négatives du décrément d’absorption n’ont pas de réalité 
physique. La valeur de la courbure déduite de ces mesures aberrantes doit 
étre rejetée. 


b) La force cymomotrice du sondeur (champ £,) est connue avec une 
assez bonne exactitude; si les valeurs observées conduisent à une valeur inad- 
missible de H,, la valeur correspondante du rayon de courbure est incompatible 
avec les mesures et doit étre abandonnée. 
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c) La courbure de la houle de la région F, étant relativement faible on 
pourra dans le cas où les conditions a) et b) ne suffisent pas a lever Pambiguité, 
choisir la plus faible des valeurs en question. 


Pour la plus grande partie des mesures (environ les 2/3) une interprétation 
satisfaisante des résultats ne peut étre obtenue que si l’on admet existence 
dune surface réfléchissante incurvée. L’indétermination relative aux mesures 
étant de l’ordre de 2 db, nous avons appliqué la correction de courbure chaque 
fois que la différence entre les valeurs de A était supérieure à 2 db. 

Nous avons done opéré de la fagon suivante: 


1) Nous déterminons 4,3, 4g et <E,) à partir de <E,), <E,>, «E>. 


2) La difference A,,— 4;3 = G nous permet de déterminer la cour- 
bure (H/o). 


La fonction G nous donnera deux valeurs de (H/o), si la différence est 
négative et quatre si elle est positive. Des valeurs ainsi obtenues on peut 
déduire les fonctions de correction de E, et de A,,. De cette facon nous pou- 
vons déterminer deux tables nous donnant les valeurs de £ et de 6, et sélec- 
tionner les valeurs par l’application des critères a) et b) données plus haut. 

Nous voyons maintenant que pour chaque courbure il existe quatre pos- 
sibilités (classes). 


1) L’ambiguité est de faible importance, |G|<2 db. Dans ce cas il 
n’y a pas d’effet de courbure, on utilise comme valeur de 6, la moyenne 
des valeurs de A, et 4,3. 


2) L’ambiguité disparaît si l’on utilise les critères a) ou b) ou a) et d). 


3) Après avoir éliminé les cas non conformes a ces deux conditions il 
nous reste encore un certain nombre de valeurs, et nous appliquons le cri- 
tère c). 


4) Il n’esiste pas un choix satisfaisant entiòrement aux conditions a) et b). 
On est conduit alors à chercher le choix le meilleur, compte tenu de l’impré- 
cision des mesures, ce qui revient à retenir parfois quelques valeurs faiblement 
négatives de 6,; compte tenu de l’imprécision, toutefois on a toujours | d.|< 2 db. 
Cependant des cas trés rares conduisent à une valeur inadmissible de 6, et H, 
et échappent a notre analyse. 


La présentation directe des décrément (6,+6,) obtenus suivant Wee regles 
données précédemment en fonction de la fréquence ne donne aucun résultat. 
Par contre si la représentation est effectuée en fonction de f./f, on peut mettre 
en évidence une certaine régularité (Fig. 6). Cette figure montre nettement 
la diminution de dispersion è laquelle nous sommes arrivés apres avoir effectué 
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la correction nécessaire. La méthode habituelle aurait introduit un décrément 

négatif pour un tiers des cas. 
La dispersion standard de nos résultats définitifs est de l’ordre de + 3 db. 
Cette dispersion est relativement importante, toutefois elle permet d’indiquer 
le sens de la variation 


a : globale de 6, en fonction 

_ ! me ae de f,/f mais il semble diffi- 
10] > i o cile @en déduire une re- 
Sii Masai a lation fonctionnelle en 
STE toute rigueur. D’autre 

ae ; part la structure de la 

i Da * 0° 6 7 ; houle est encore mal con- 
IR DAI nue. En introduisant le 

2 ea . Ì modeéle d’une houle sphé- 

O45 or eur rique nous aboutissons a 


des valeurs de (H/o) plus 
Fig. 6. faibles donnant des cor- 
rections différentes. 

Ce qui demeure possible, c’est une confrontation de nos valeurs avec les 
résultats théoriques obtenus d’après Vétude de l’absorption ionosphérique, 
telle que nous Vavons développée plus haut. 

La variation du décrément d’absorption diffère suivant les hypothèses 
envisagées. 

Etant donnée la forte dispersion des valeurs nous ne retenons que les deux 
couples correspondant à la médiane des observations pour f./f< 1.7, et 
f./f > 1.7 est obtenu après soustraction de Vabsorption due a la réflexion au 
sol. Cette dernière (voir Sect. 1) a été déterminée théoriquement (nous avons 
introduit la fréquence moyenne des différentes mesures). La variation en 
fonction de 1/u = f./f est très faible. Nous avons effectué Vévaluation è titre 
d’exemple (Table II). Seul l’ordre de grandeur peut étre retenu. 


TABLE II. 


fel | 1.4 2.0 
f (moyenne en MHz) 3.0 2.1 
0. + Op (db) (*) 4.7 | 3.6 
Op (db) (**) 1.8 | 1.5 
ò, (db) 2.9 | oni 


(*) Valeurs médianes observées. 
(*>)MBonWsoli 


Pour deduire des valeurs numériques satisfaisantes un très grand nombre 
d’observations est nécessaire. 
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4. — Discussion des résultats. 


a) Cas où Von considère la contribution due aux chocs moléculaires. — Si 
Pabsorption ionosphérique est due aux chocs entre les électrons et molécules 
neutres on peut supposer une variation presque exponentielle du nombre des 
chocs y,,, en fonction de altitude. Le calcul de l’absorption correspondante 
a été effectué rigoureusement pour le cas d'une répartition parabolique de 
Vionisation dans un travail antérieur [13, 14]. Si nous utilisons la formule 


vr 3 5 - logpe 
(24) On = ZON -AS Ole EEN I 
(6 


(Y,, demiépaisseur, c vitesse de la lumiére) avec les valeurs numériques [15] 
nous obtenons la Table III. 


TABLE III. 


f/f | 14 pen) | 
| d, (db) | 2.9 eee! | 
| ix (db) | 3.04 1.74 | 
rx | 0.0476 0.0603 | 


Nous en déduisons une valeur médiane de N= 0.054, d’où 
(25) A BAIE ar 


Avec Y,, = 80 km on obtient 


vo ~ 500 81. 


Cette valeur est relative au nombre de chocs au centre de la couche F, dont 
l’altitude est sensiblement égale a 300 km. 

Cette valeur semble très élevée si on la compare aux mesures obtenues 
par fusées [16]. Ces mesures donnant la densité d et la température 7 per- 
mettent une évaluation de ». 

On a pour valeur du nombre de chocs avec les molécules d’ogxyène où 


d’azote 


(26) py, = 4.7-10-6-nVT m 871 °K! 


(n nombre des particules par m* [13]). 

Le coefficient numérique dépend de la section efficace des molécules, il 
peut étre légérement différent pour le cas des atomes libres O et N dont 
nous admettons l’existence a l’altitude de 300 km. 
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Les mesures par fusées ont été effectuées dans d’excellentes conditions 
jusqu’a une altitude de 220 km, on a trouvé a cette altitude [16] 


A= 2843 km, P= 455.5 OK; d=T0IL 10! seme, 
(H échelle des hauteurs). | 


De ces valeurs on obtient à partir de (3) un nombre de chocs tres faible, 
y,, = 3087 & 220km. Or notre valeur — 500 s-! correspond à une altitude 
supérieure de presque 3 H. Nous voyons ainsi que le nombre de chocs cor- 
respondant a une altitude de 300 km est le centieme environ du nombre que 
nous avons pu déduire de nos mesures, il semble donc que la théorie des choes 


x 


neutres soit sujette a critiques. 


Cas des chocs ioniques. 


Une évaluation du décrément correspondant a été donnée dans la Sect. 2. 
Pour le modéle parabolique de répartition de l’ionisation nous avons trouvé: 


(27) 0, — 1.448: Y,,wu4l,(u)s km. 


(Pour les valeurs numériques de w‘Z,(w) voir Appendice). En comparant avec 
nos mesures nous obtenons la Table IV. 


DABEEMIOVE 
= 0.714 0.500 
6, (db) 2.9 29 
ul, (uw) 0.282 0.086 
Ou I, (vu) (db) 10.3 24.4 
YW (05 kmis-*) Holl 16.9 


Nous en déduisons une valeur moyenne de 
YnwW= 1.2-10° kms. 
Avec Y,, = 80 km on obtient w= 1.5-104 s-1. Or 


ie 
(28) % = i Nm [log (1.6575 - 107k) — 3 log Nn], 


a 


SUR LA DETERMINATION DU NOMBRE DE CHOCS RELATIF A LA REGION F, ETC. 1527, 


(k constante de Boltzmann, N, nombre d’électrons par m*, au maximum de 
la couche). 

La valeur moyenne de N,, relative 4 nos expériences peut étre déduite de 
la fréquence critique moyenne 4.18 MHz, d’où nous déduisons N,,=2.17-10'm-?. 
On obtient ainsi une valeur de la température 7 de l’ordre de 100°. 

Cette valeur correspondant a l’altitude de 300 km est sans aucun doute 
trop faible. Une température plus élevée est vraisemblable, les observations 
par fusées donnant ~ 600 °K. 

Il peut étre utile de faire entrer en ligne de compte la contribution die 
aux chocs entre électrons (électrons-électrons, (v,,)) mais une évaluation exacte 
de cette contribution effective est difficile. 

Une estimation récente de RAWER et SucHY [17] pour la région F, donne 


(29) 2 


Done si Von fait intervenir la contribution électron-électrons le nombre 
y, est le cinquième environ de la valeur déduite des observations 


y, = 3-108 8. 


Et Von aboutit à une température de 200 °K. Cette valeur plus proche 
des mesures déduites des observations effectuées par fusées est encore trop 
faible. 

Enfin il ne semble pas impossible qu’entre en ligne de compte une con- 
tribution des couches basses durant la nuit. Une évaluation due a celle-ci, 
en vue de la détermination du décrément d’absorption peut étre estimée. 

Une couche # ayant une fréquence critique de 0.5 MHz et une épaisseur 
nocturne équivalente a Vépaisseur diurne donnerait une absorption par choes 
neutres de Vordre de grandeur de 0.5 db (pour 2.5 MHz). 

Cette contribution est trop faible pour pouvoir influencer sérieusement nos 


résultats. 


5. — Conclusion. 


Les résultats donnés ici sont provisoires, il serait sans doute fort utile, 
d’effectuer un grand nombre d’observations s’échelonnant sur une intervalle 
de temps beaucoup plus court et d’étendre les méthodes statistiques mises 
au point par ALPERT [18] et BRAMLEY [19]. 
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APPENDICE 


Convergence des développements dans le cas où l’on considére une région de 


Chapman. 
a) Cas de la traverseé. — Le terme général a pour expression: 
[co] 
Looe DO. cs (2) fe we x 
1 —- = oe ee 2 a7 r 9% 12 tp 
Un a] a” [att exp [— (2 + n)a?] dx. 
0 


Considérons la série de terme général 


RR 1) 
U,, = arent] exp [— (2 + n)x?] (e > 0). 


Le maximum du terme x"! exp[— (2 + n)x?] a pour valeur: 


DA n ate une 1+n 
2(n + 2) dn 


De sorte que la série U, est majorée par la série 


= ESB Paone (2n — ) a - n (1+n)/2 
J n = ssa = a 5 : li S exp 


Cane (n + 2 


quin! 


Pour que U, soit uniformément convergente, |V,| doit converger. L’appli- 
cation du critère de d’Alembert nous montre que _ i 


= 
| J ntl 


eae: 


—> a exp[— $]2-+. 
| 


Dott 
|aexp[— }]24/<1, 
cest a dire 


EVI 


SG ite col i i a i f i 3 È q q 
1 e ) J 19) alt ’ a d ap es un I 
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a 


b) Cas de la réflexion. 


x) n pair. — La série (*) 


4 1°3°5... (2n—1) 1 nt? Sere haar i? t? 
Un = PE, exp 20 SEXO | — | Oe = 
Qnr.n! 2(n + 2)t" I 2(n +2) DISP 5| Pa o! 


est majorée par la série de terme général 


puisque l’on a toujours exp, [¢/2] < exp [#/2]. 
L’application du critère de d’Alembert montre que 


| | 
| U n+1 | 


P>n+2 cest-à-dre «>1/V2 


B) n impair. — Dans ce cas: 


:3-5... (2n—1) 2"2(n +2)? nt? ] 
= se x ed ) (we) exp —_—_______ (ft). 
ae grin! t” 2(n ae 2) 20/2+1(m ae Do) 
On a posé 
o n 2 
CCA META al | fesp - at + Pn(t) exp | s|| ; 
; i 
avec 
; . 3 1° | i" 
ea 35% 


Lorsque n + co la série g est solution de l’équation différentielle 


va, 


(*) Nous avons post 


Xx a 
CX Be eee ae 
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admettant pour solutions 


2 t2 
fe - su + C exp | ; 
t2 
5| [exe 


t 


ou bien 


Yo =— EXP 


t? 
_ Su + C exp 


t? 
9 . 


La fonction y(t) ainsi définie 


s’apparente a la fonction de Radau: 


foo} 


O(t) = exp[t?] Jexp [—t#]dt. 


DO 


Lorsque n + co 


2 2 TT 
exp | 5| Qn(t) > exp = 5a ae VE ’ 
È _ 
et 
t 
2] f Ue 
Pall) < exp Si few -- | dé; 
5 ci 
i La 
Dili) = 3 10 hen. n Jesp — Sar : 
0 


Di (tye satay a: VE N 


dl 


Comme pour n pair, la série converge uniformément pour x > 1 [/2. 
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at Oblique Incidence. 


W. DIEMINGER and H. G. MOLLER 


Institut fiir Lonosphdrenforschung - Lindau uber Northeim 


(Presented by W. DIEMINGER) 


It is well known that radio propagation conditions over any distance may 
be deduced from the results of observations at vertical incidence by simple 
calculations [1-2]. However, these calculations imply some assumptions, which 
are not completely certain and, perhaps as a result of those assumptions, the 
observations of radio communication conditions do not completely agree with 
the calculations. Therefore it seems more desirable to compare radio com- 
munication conditions with direct observations of the different modes of pro- 
pagation. 

Perhaps the most efficient system to achieve this task is to use the pulse 
method not at vertical incidence but to observe the pulses by a receiver in 
the wanted distance from the transmitter. Experiments of that kind on fixed 
frequencies were carried out all over the globe and gave valuable information 
about paths of propagation. Much more information may be obtained by 
using the sweep frequency method between the sender and a remote receiver. 

A few experiments of that nature were carried out in Canada, Great Britain, 
Japan, USA and Germany, and some results were published recently [3-6]. 
The scarcity of those experiments is caused without any doubt by the technical 
difficulties of synchronisation between the transmitter and the receiver. 


1. — Experiments. 


To get useful records perfect synchronism is necessary between the pulse 
recurrency frequency of the transmitter and the time base of the recorder 
at the location of the receiver. In addition exact tuning between transmitter 
and receiver must be maintained during the whole frequency sweep. The basic 
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idea of the equipment used in Germany is to derive every control from a 
pair of crystal clocks granting a relative stability of frequency which is of the 
order or 103: 

The complete equipment consists of a self consistent vertical sounding 
Station which is located at LINDAU in the middle of Germany. In addition 
there is an independent receiver, which may be located at any wanted dis- 
tance from the vertical sounding station. Both sets are build in such a way 
that, starting the movement of the tuning condensers at exactly the same 
time and rotating them with exactly the same velocity, the deviation in tuning 
between both stations is less than 2 kHz in any part of the frequency range. 
In practice the start of the movement is controlled by a signal derived from 
the crystal clock and the accuracy of revolution is guaranteed by a synchro- 
nous motor fed from the crystal clock through an amplifier. The pulse recur- 
rency frequency of the sender and the time bases of the oscilloscopes and 
recorders are derived from the crystal clocks in a conventional manner. 

The equipment covers a frequency range between 1 and 16 MHz within 
8 minutes. The initial setting of the crystal clocks is achieved by a special 
time signal sent out from LINDAU. Minor corrections during the course of 
the experiments may be obtained by operating a fine trimmer of the crystal 
clock at the far end so that the remaining phase shift of the echo traces on 
the recording film will become a minimum. 

The most delicate problem of the experiments is the antenna. The vertical 
rhombie which is used for vertical incidence mostly, is not suitable for long 
distance experiments because the radiation is concentrated to high angles of 
departure. A horizontal rhombic on the other side is not very convenient 
because its vertical polar diagram has one or several minima which may 
spoil certain modes of propagation. During our experiments the problem of 
antennas was not solved completely. On the transmitting end mostly a V 
shaped cage dipole of a length of 2%45m was used. At the receiver for dis- 
tances up to 400 km two double doublets and for the experiments over a path 
of 1300 km a combination of two horizontal rhombics of different size gave 
rather satisfactory results. 

For the shorter distances a power of 10 kW and a pulse length of 100 us 
was used, for the 1300 km path the power was increased to 50 kW and the 
pulse length reduced to 50 ws. 

Information about the technical details will be given elsewhere. 


2. — Results. 


It is not possible for limitations of time to discusse here fully the results 
of the experiments carried out with the equipment described above over dis- 
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tances between 200 and 1300km. Moreover the very cumbersome reduction 
of the records is by far not yet finished. So I shall confine myself to the most 
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theoretically from vertical incidence record. the virtual height is obtained 
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for every equivalent frequency. It may be understood from Fig. 1 that, for 
certain positions of the transmission curve (e.g. B) there exist two intersection 
points corresponding to two possible modes of propagation. The lower one 
corresponds to a ray reflected at a relatively flat angle, the upper one to a ray 
impinging on the ionosphere at a steeper angle. In addition it may be seen, that 
the maximal usable frequency is determined by the position C of the trans- 
mission curve where the latter is the tangent of the h'f-curve. The approp- 
riate value of 1/cos è is called MUF-factor and the corresponding equivalent 
frequency MUF (maximal usable frequency). 

Using that method, in Fig. 2 the upper diagram is deduced theoretically 
from the vertical /’f-curves in the lower part. The characteristic features of 
the oblique diagram are: 1) The critical frequency of the 1xF path is 
shifted considerably towards higher frequencies. That shift decreases with 
increasing order of the reflection. 2) Near the critical frequency there are two 
branches corresponding to the normal and the high angle ray. Those theoret- 
ical results agree generally with the records obtained in oblique incidence 
experiments (Fig. 3). However, the high angle ray, for example, is extended 
over a frequency range which is much larger than expected by theory. This 
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Fig. 3. — Comparison of an oblique incidence ionogram (distance 1300 km) with a 
simultaneous vertical incidence ionogramm. 
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special result agrees well with the observations made in a and USA 
in similar experiments [4, 6]. There also was found a very strong high angle ray. 

That strong high-angle ray has some interesting consequences as to the 
propagation over long distances. Considering the low-angle ray only, it is 
found that the maximum distance for a single hop F-path is 30004000 km, 
depending on the height of reflection. For greater distances the single hop 
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Fig. 4. — MUFs for E- and F-reflection as a function of distance between sender and 
receiver. 


will be screened off by the horizont. A point which is a little farther than 
the limiting distance will be reached by multiple hops only. Since the angle 
of incidence for the two-hop path is steeper than that of the single hop, the 
MUF-factor will decrease suddenly as soon as.the limiting distance is reached 
(Fig. 4). That is no longer true when the high angle ray is taken into account. 
Even for a distance for which the single hop low-angle ray is screened off, 
the high angle ray is still possible. So the MUF will be controlled by the high 
angle ray which leaves the earth tangentially. It can be shown easily that 
for that reason the MUF-factor does not drop suddenly as soon as the limiting 
distance for single-hop transmission is reached. 


On an oblique incidence P'f-diagram one might expect the following phe- 
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nomena (Fig. 5): For the limiting distance the single hop and the double hop 
are fully developed (a). At a somewhat greater distance the low-angle ray and 
a part of the high-angle ray are screened off by the horizont (b). Next only a 
little bit of the high-angle ray remains (c). For the limiting distance of the 
double hop finally nothing but the 2F trace survives (d). The MUF however 
remains nearly constant for all distances. (*) Some indications of these « high- 
angle tails » are present on records made on fixed frequencies between Ger- 
many and USA in 1948. 

Another interesting question is the field strength of the high-angle tail. With- 
out any doubt the strength of the 
high-angle ray will be less than that 7 
of the low angle ray. In addition the 
amplitude will decrease towards the Sf 
top of the « tail» owing to the polar Ro 
diagram of the radiating antenna. So Ù 


we might expect a more or less stea- ii i 
dy decrease of the amplitude when A ! 


moving from the junction of the low- ) 


ae 


and high-angle two-hop ray towards 
higher frequencies. That corresponds ix Se 
well with observations of BECKMANN 40 Gan 
on long distance communication [8], | ee 
He found that, in the average, the field È 


strength as a function of frequency dI | 


does not fall suddenly as soon as the 
theoretical MUF is reached but dec- 
reases slowly in a range of several MHz. = 
Presumably that is caused, at least 


partly, by the high-angle tails. Fig. 5. — Screening off-effect of 1F-path 
Obviously the cana of the MUF with increasing distance. The high angle 


i ray is less affected than the low angle ray. 
factor depends, apart from the dis- ; 


tance, on the virtual height of the 

reflecting layer (Fig. 4). The value for the E-layer raises much steeper than 
that for the F-layer. That is illustrated by the records shown in Fig. 6. The 
upper record is taken over a distance of 220 km, the lower one is the simul- 
taneous record at vertical incidence. The critical frequency of the H-reflec- 
tion is shifted much more to higher frequencies than that of the F-reflection. 
The corresponding MUF-factors are 1.02 for F-reflection and 1.19 for H-re- 


(*) Note added on proof: Fig. 5 is a rough sketch only. A more thorough investigation 
shows that the MUF decreases gradually as soon as the limiting distance is reached. 
The decrease however is much less than assumed formerly. 
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flection in excellent agreement with the theoretical values. That effect is con- 
siderably enlarged for medium distances. For a distance of 1300 km, for ex- 
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Fig. 6. — Comparison of an oblique incidence ionogram (distance 220 km) with a 


vertical'incidence ionogramm. The E-MUF is shifted much more towards higher fre- 
quencies than the F-MUF. 
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ample the MUF-factor for E is 3.8, whereas the MUF-factor for F is 1.8 only 
That means that on summer days when the critical frequency of F, is rela- 
tively low, the MUF is controlled by the E-layer instead of the F layer That 
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is illustrated by the upper part of Fig. 7. The lowest trace corresponding to 
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E-reflection extends to much higher frequencies than the next one, which cor- 
responds to the single-hop F-path. During night time (Fig. 7 lower part) when 


sporadic E is absent, the MUF is controlled by single F-hop obviously 
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Fig. 8. — Oblique incidence ionograms at sunrise (Lindau-Helsinki, 1300 km). 


It is much more to be learnt from those records. With raising sun the 
lower frequencies are cut-off by absorption and blanketing (Fig. 3). It is inte- 
resting to note that the paths corresponding to low angles of elevation are 
more affected than the higher ones. Another feature may be of practical im- 
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portance. The number of paths is less numerous near the MUF. In addition 

O) SIONE A c = È I AI 
the time delay of the first echo is a minimum somew hat below the MUF, 
and increases for lower frequencies. On the record of 0500 h for example, the 
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Fig. 9. — Oblique incidence ionograms during the last phase of an ionospheric storm 
(Lindau-Helsinki, 1300 km). 


first signal on 3 MHz is 0.2 ms later than on 6 MHz. That perhaps explains 
an observation reported by BoELLA, that the delay of a time signal may be 
greater on lower frequencies. 

By the next series of records (Fig. 9) a special case is illustrated which 
arises during ionospheric storms, when the critical frequency of F, drops and 
the virtual height raises. Then on medium to long distances the MUF of F, 
will become higher than that of F,, and the propagation will be controlled 
by F, mainly. So the influence of the ionospheric storm will be not as bad 
as expected from the effect in F,. 


ECHO SOUNDING EXPERIMENTS WITH VARIABLE FREQUENCY AT OBLIQUE INCIDENCE 1541 


Finally I shall discuss the following question. It is always found that, 
for medium latitudes the MUF observed in radio communication service is 
higher than that predicted by theory, or in other words: predictions are pessi- 
mistic. As far as it may be seen from our experiments over 1300 km that is 
‘aused by several effects: 1) For many periods the MUF is controlled by 
sporadic E, which cannot be predicted exactly for well known reasons. Such 
an effect is illustrated by Fig. 10. On the first record the MUF is controlled 
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Fig. 10. — Effect of sporadic E on effective MUF (Lindau-Helsinki, 1300 km). 


by the F-layer. In the next record, however, the MUF has been raised from 
9.5 to 11 MHz and in the third one from 8.8 to 14.7 MHz by sporadic E. 
2) It has been found that on many occasions there is a «nose» of echoes 
extending well beyond the junction of the high- and low-angle ray. It may 
be seen on Fig. 11 that that nose is present on 3 of the 5 records. The shape of 
the nose is rather variable. Sometime it covers a frequeney range of 2 MHz. 
It was found also in experiments carried out by the Bureau of Standards 
in USA [9, 10]. It should be stressed that the phenomenon is not at all a 
regular one. It is present for about 30% of the time at night. We have no 
figures yet for daylight conditions because during day time the 1xF, hop 
coincides with the 2xE hop so that no clear distinction is possible whether 
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there exists a «nose» or not. For night time conditions however it can be 
stated that the nose is not a regular phenomenon but is bound to some special 
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Fig. 11. — « Nose» in front of 1x F-MUF (Lindau-Helsinki, 1300 km). 


conditions in the ionosphere. We do not know yet those conditions. No 
correlation has been found till now with Sporadic E, spread F-echoes or rapid 
changes in reflection height. 3) On nearly all records which where reduced 
till now, the junction between high- and low-angle ray is higher than that 
calculated from vertical incidence soundings at the midpoint of the trajectory 
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That effect is shown in Fig. 12. The record on the top (a) is taken at Ekenis 
iS . 2 Say A (9) _ de af i . . e . . . 
which is only 25 km off the midpoint of the circuit Lindau-Helsinski. Using 
. iN 5S 
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Fig. 12. — Comparison between propagation conditions deduced theoretically from 


vertical soundings at the midpoint of the trajectory with actual propagation conditions. 
(Ionogram of Ekenés by courtesy Mr. STOFFREGEN, Upsala Ionospheric Observatory). 
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the method of Smith, the equivalent oblique record for the ordinary ray is 
constructed in b), c), d). The lowest row finally shows the record taken simul- 
taneously on the path Lindau-Halsinski. In spite of general agreement of 
the different curves the observed MUF of the single hop ordinary F-path is 
0.7 MHz higher than the calculated one. For the double hop the difference 
is 0.4 MHz approximately. Considering all results obtained till now it may 
be stated that the observed ordinary MUF over the path of 1300 km is 0+16% 
higher than the calculated one. The observed median value is 4%, higher than 
the calculated one. That result is somewhat contradictory to the publications 
of other investigators stating that the calculated and observed values « usually 
agree rather well» [6, 9]. On has to wait for more data to explain that dis- 
crepancy. There are very few cases when the observed value was well below 
the calculated one. It has been found, however, that in all those occasions, 
the virtual height of the oblique path was distinctly higher that that of the equi- 
valent vertical record taken in the middle of the path. That may be caused 
by retardation anywhere along the oblique trajectory which cannot be chequed 
by the observation in the midpoint alone. To get conclusive results a series 
of vertical sounding stations would be necessary spread along the whole path. 

From the point of view of prediction service it may be concluded that the 
method of conversion commonly used is at least safe. The overwhelming part 
of the observations give higher values than the calculations, leaving a safety 
margin in practical use. 

Summing up it may be stated that the oblique incidence sweep frequency 
method is well able to solve problems which cannot be explained either by 
vertical incidence measurement or operational observations alone. By mis- 
fortune Europe is not a suitable field for such experiments because really long 
distance experiments are badly hampered by very efficient barriers set up by 
customs and administrations. 


OSSERVAZIONI ED INTERVENTI 
— K. RAWER: 


J'ai trois remarques a ajouter à ce très intéressant exposé de Mr. DIEMINGER: 


1) En ce qui concerne la distance maximum de transmission d’un bond il est 
vrai que le rayon de Pedersen permet en principe une liaison sur une plus grande di- 
stance. J'ai une fois caleulé le décrément géometrique correspondant; Jai ainsi trouvé 
une portée de 5000 km dans le cas d’une puissance de ordre de 1 kW. Mais dans 
la realité pratique, le diagramme des antennes joue ici un role prépondérant. Les angles 
de départ bien faible sont difticils è réaliser. J'ai impression que la distance maximum 
supposée par le CRLP américain (4000 km) est nettement trop grande pour la plupart 
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des applications. Nous avons effectué des essais entre Tananarive (Madascar) et Dji- 
bouti (Somalie). Sur cette distance de 7000 km aucune liaison a pu etre établie sur 
les fréquences corréspondantes au parcours 2F mais seulement sur celles de 37. Ceci 
montre que 3500 km est souvent une trop grande distance pour etre parcourue dans 
un seul bond. Ce probleme de l’influence des antennes devrait encore etre étudié en détail. 


2) Quant a la comparaison entre les résultats pratiques et les prévisions il semble 
pourtant exister quelque cas où les prévisions sont trop optimistes. M. Mc-ALLCOCK de 
New Zeeland m’a cité un cas très net de ce genre dans la région équatoriale. Il est 
possible que dans cette région la méthode américaine des « points directeurs » soit mal 
adaptée aux faits. 


3) Enfin nous avons aussi essayé une vérification du calcul de la MUF. Nous 
avions une liaison en impulsion (fréquence fixe) sur une distance de 1200 à 1300 km 
avec una statio de sondage au milieu. Les heures de coupure des échos 1F ont été fixées 
des enregistrements a la minute près. On a après déterminé la MUF théorique de cet 
instant a partir des ionogrammes du point milieu. Cette comparaison a été effectuée 
par le Dr. Eyrric. Nous avons trouvé que les prévision étaient trop pessimistes meme 
avec la méthode exacte de N. SmirtH. Comme correction de la méthode abituelle (où 
l’on prend M-3000 et un coéfficient de réduction pour obtenir le facteur de la distance 
intéressante) on arrive à environ 6%. Cette correction a été introduite récemment 
dans nos prévision de routine. 
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and the 500 mb Surface Position. 
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Centro di Studi di Radiopropagazione 
Istituto di Fisica Tecnica dell’ Università - Napoli 


1. — Premise. 


At the international Congress of Physics held at Bologna on September 1950, 
the author gave a report on the results obtained by a correlation of the depth 
of modulation in the effect of gyro-interaction (for which the values are regul- 
ated by the ionization condition of the E-layer) and the barometric pressure 
on land using the data obtained in the gyro-interaction studies of May-June 1950. 
In order to avoid the moderating action of the earth surface on atmospheric 
pressure, the author extended his study also to high level pressures using 
charts representing the isobaric surfaces of 500 mb. 

An inverse correlation at ground was then found; whilst at high levels 
a lowering of the 500 mb surface, which was due to an increased density of 
the air mass, corresponded to a higher depth of modulation. 

The results indeed were far from being satisfactory because of the scarce 
and uncertain data available. It was then thought that a retrospective examin- 
ation should be made using the data of measurements made in the gyro- 
interaction studies of 1948 and 1949, which, although not many in number, 
were however more numerous than those obtained in the studies of 1950. 


2. — Experiments. 


The author decided to leave definitely out of his studies the data of 
pressure at ground as these are influenced in various ways by the air masses 
which are immediately in contact with the earth surface, and to carry out 
an exclusive study of the isobaric surface of 500 mb. He then used absolute 
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Fig. 1. — x Phenomenon which was not noted; XX Phenomenon which was noted 
without being registered. — 1948: Heights of the 500 mb surface in mgp and modu- 
lation depths. 
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Fig. 2. — 1949: Height of the 500 mb surface in mgp and modulation depths. 
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topographical charts developed at 0300 G.M.T. and from these, with a good 
approximation, the height of 500 mb expressed in geopotential metres were 
calculated on Foligno’s vertical where the reflection of the radio-waves occurred. 
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Fig. 3. — x Phenomenon which was not noted; xx Phenomenon which was noted 
without being registered. — 1948: Variations in 500 mb surface heights in mgp and 
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modulation depths. 


As a first approximation, a graphical method was used to compare the 
series of figures including the height of the 500 mb surface and the parasitic 
modulation depth (Fig. 1-2) and those including the variations of the 500 mb 
surface height during 24 hours and the same modulation depths (Fig. 3-4) 
After examining the diagrams a relation between the series of parasitics Wiel 
had been conipared was thought likely to exist. It was then decided to use 
a mathematical method to estimate the significance of the correlations. 

For a practical calculation of the « correlation coefficient » the equivalent 
formula was used 

DX Y — nap 


r= = == —_ 
V (UX? — nat) (XY? — np?) 
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which « and # indicate, as usual, the mean values of Y and } , respectively. 
It can be seen that the present expression is preferable to the usual”one, in- 
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Fig. 4. — 1949: Variations in 500 mb surface heights in mgp and modulation depths. 


sofar as the X and Y terms of the given series are directly used. The scheme 
suggested by PHILIPS [1] was used by the author as a layout for the calcu- 
lations. 


3. — Results. 


The first relation found was a direct correlation between the surface heights 
and the modulation depth, with a correlation coefficient of over 52%, when 
Ah/At, namely, the variation in height during the 24 hours preceding the day 
of the experiments and the modulation depths, were correlated, also in this 
case a direct correlation with a correlation coefficient of about 50% was found. 

From these first results it was possible to deduce that, when the value of 
the surface height increases, in the majority of the cases observed, the modu- 
lation depth is higher. This means that the decrease in density accompanying 
the increase in height, insofar as the weight of the surface remains the same, 
is related to the increase in modulation depth; and vice versa when the sur- 


face decreases. 
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4. — Conclusions. 


The higher modulation depths occurring when the 500 mb surface density 
decreases, leads one to think that there is a relation between the electron 
density of the E-layer and the air density at the 500 mb surface. This happens 
because gyro-interaction depends directly on the electron density of the B-layer. 

The electronic structure of the ionosphere is for the greater part governed 
by the sun radiations which act also in the lower atmosphere. Their action on 
the ionosphere is, however, almost instantaneous, whilst on the lower atmos- 
phere it is considerably delayed; in the case of the daily variations, for instance, 
by about one hour. 

Moreover, it is not the same parts of the solar spectrum that act on the 
ionosphere and the lower atmosphere. The ionosphere, as we know, depends 
on the ultraviolet radiation, which is absorbed long before it reaches the earth; 
in addition, needless to say, it is affected by corpuscular radiation, which has 
no bearing on lower atmosphere phenomena. 

Thus it is evident that the possibility to explore the condition of the 
offers a mean to deduce, with some 


ionosphere—in our case the E-layer 
anticipation, what the behaviour of the atmosphere layers not immediately 
in contact with the Earth is going to be. 

In particular, furthermore, some reactions by the meteorological atmosphere 
on the ionosphere might be revealed; this is possible if one takes into consi- 
deration the fact that very large masses play an important role as stated by 
the Bureau. The increases in electron density in the area might be interpreted 
under this point of view; they should also be attributed to an intensive ioniz- 
ation process by an exterior ionizing agent which, aided by the condition 
of low density in the atmosphere above the earth surface, reaches the level 
of the E-layer. 

If followed with some continuity and by using adequate means, the effect 
of gyro-interaction might have a wide practical scope, insofar as registration 
during the hours of night would make it possible to foresee, with a certain 
anticipation, the fluctuations of the atmosphere at various levels (it is in fact 
not to be excluded that the same correlations might be found, for example, 
at the level of 200 mb, that is to say, at about 12 km). This being the case, 
a surface with a positive Ah/At will indicate a decreased density and the 
same time show the presence at that level of a flow of warm moist air, whilst, 
with a negative Ah/At, it would indicate an increased density and show a flow 
of cold dry air. 

If an adequate number of stations were distributed, for example, throughout 
Europe, we would be in a position to build some charts with given constant 
pressure which could be used for altimetrical navigation. 


ON A CORRELATION BETWEEN THE ELECTRONIC DENSITY ETC. 1551 


The author wishes to thank Prof. M. CuroLo for the material provided 
and the assistance and useful advice kindly given during the course of 
this study. 


REFERENCE 


[1] F. M. PHILIPS: Short method of obtaining a Pearson coeffizient of correlation ete., 
in Monthly Weath. Rev. March 1922. 


99 — Cupplemento al Nuovo Cimento. 


T ORG 
SUPPLEMENTO AL VOLUME IV, SERIE X N. 4, 1956 
20 N str 

DEL NUOVO CIMENTO 20 Semestre 


Remarks on the Connection 
between Mode Theory and Ray Theory. 


H. BREMMER 


Philips Research Laboratory - Eindhoven 


1. — Introduction. 


The theories dealing with the propagation of radio waves via the ionosphere 
are based either on the concept of rays or on that of characteristic functions 
(also known as eigenfuncticns, or modes). The former theories result in an 
expansion each term of which corresponds to a ray that reaches the receiver 
after a special number (7) of reflections in the ionosphere (r-hop transmission), 
whereas the expansions of the latter theories are of the same type as those 
describing the field in wave guides. The convergence of the ray expansions 
is best at short distances from the transmitter, that of mode expansions is 
best at great distances. Im this paper the connection between both types of 
expansions is shown for a model based on simplifying conditions which do not 
concern the essential features of the problem. 


2. The Assumptions Defining the Model under Consideration. 


Two simplifications will be introduced, viz. 


a) The effect of the curvature of the earth and the surrounding iono- 
sphere is accounted for by using the modified refractive index M(r) = ru(r)/au(a) 
instead of the actual refractive index p(r) (» = distance from the centre of 
the earth to the point of observation in the atmosphere, a = radius of the 
earth). The role of the quantity M is well known for troposheric propa- 
gation. In the case of ionospheric propagation however, the small difference 
between M and x is less important since the relative variation of these quan- 
tities rather than that of r is most pronounced there. 
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b) The effect of the electrical behaviour of the earth is accounted for 
by the approximative boundary condition 


(1) wl. 


~ 
~ i 
Ce 


at the earth’s surface for the amplitude of the Hertzian vector. In the two 
representative cases of a vertical electric-dipole transmitter (antenna of length / 
short compared to the wavelength) and of a vertical magnetic dipole (realized 
by a small loop antenna in an horizontal plane) this Hertzian vector is di- 
rected vertically throughout, and the field components can be derived from 
it by differentiations. If k, and k, represent, for a given frequency, the wave 
number in the air surrounding the transmitter, and the corresponding complex 
wavenumber in the earth, the constant y reads as follows for the two above 
types of transmitter. 


A physical interpretation of the boundary condition (1) involves that all 
plane waves penetrating from the air into the earth are refracted in one and 
the same direction, namely the limiting direction corresponding to grazing 
incidence. The validity of (1) as an approximation is therefore made plausible 
by observing that the nearly horizontal plane waves dominate in the propa- 
gation over distances which are not too small. Moreover, it has been shown 
by Hurrorp [1] that the well known approximative theory of Sommerfeld 
for the propagation through a homogeneous atmosphere above a plane earth 
can be based on the condition (1). 

The two above simplifications lead to the following formulation of our 
problem. In the space 2 > 0 above the earth the three-dimensional wave 


equation 
(2) n + k®M (2)} II =0, 


thas to be solved under the following conditions, M(z) being the modified re- 
| fractive index at a height ¢ above the flattened earth: a) the boundary con- 
dition (1) at < = 0, b) the radiation condition concerning the vanishing at 
infinity (¢ = + co), ¢) the condition of a singularity proportional to KR! near 
the transmitter (R = distance from the transmitter to the point of obser- 


i vation). 
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3. — The Determination of the Ray-Theory Solution. 


For simplicity’s sake we shall restrict ourselves to a vertical electric dipole 
at the point (0, 0,7) at a height 4 above the earth’s surface. The amplitude 
of the Hertzian vector for the free-space field of such a dipole reads 


Il exp[ik,R] 
He ara ee — ER b) 


in which the dipole moment J,/ is the product of the current amplitude Gq 
and the antenna length J. The equivalent integral 


(3) LT di di SE J (Ao) exp [ V/ 7? k2\z— hj, 


2 


(o= Va*+y? distance from the transmitter in horizontal direction) can be 
interpreted as a superposition of cylindrical waves 

(4) J(40) exp [F V2 — kez] 

characterized by the parameter /. 

With the aid of the asymptotic expression of the Bessel function J, we 
find that each of these cylindrical waves propagates at great distances in di- 
rections making an angle t(A) = arc sin (A/k,) with the vertical axis 0 = 
through the transmitter; these propagation directions are complex for Z > ky. 
Further, the waves with a negative sign in (4) propagate in an oblique upward 
direction, those with a positive sign in an oblique downward direction; the 
square root in (4) is defined as having a positive real part. According to (3) 
the transmitter emits upward cylindrical waves into the space above the level 
«=, and downward cylindrical waves into the space below this level. 

We now assume the transmitter as situated in a homogeneous layer 
0<2< 2, (while 2, > #) between the surface z=0 of the earth and the bottom 
2 =, of the stratified atmosphere characterized by M(z). In order to obtain 
the total field in the homogeneous layer we first investigate what happens 
to a special downward cylindrical wave W, = J,(Ae) exp [V2 — kee] leaving 
the transmitter. On its arrival at the earth’s surface this wave produces a 
reflected cylindrical wave propagating upwards. The ratio of both waves at 
«= 0 constitutes a reflection coefficient R(7) so that the reflected wave can 
be represented by 


Wa R(A)J (40) exp [— /2?2— k22] . 
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The reflection coefficient R can be derived from the requirement that (1) 
should apply at z=0 to the sum of W, and W,. We thus obtain the expression 


(5) RA) = ————  . 
VA — ka + yy 
The reflected wave W, will reach the bottom = ¢, of the stratified atmo- 


sphere and generate in the latter a rising and a downcoming wave the sum 
of which can be represented by Jy(Z0)-f,(2). This function has to satisfy 
the threedimensional wave equation (2); this involves the one-dimensional 
wave equation 


(6) -M*(z)— 2 }f,=0, 


for f,(z). The downward waves produced in the stratified medium due to its 
inhomogeneity result into another downward cylindrical wave W, when 
passing the bottom level z= z,. The ratio at <= 2, of the new wave W., 
and of the wave W, producing it, again constitutes a reflection coefficient, 


& 


T(A) say; hence: 


The new atmospheric reflection coefficient 7(/) has to be determined from 
the condition that the transition at 2 =<, from the sum W,4-W, into the 
function J,(A0)-f,(2) (in which f, is characterized, apart from a constant, as 
being a solution of (6) satisfying the radiation condition) has to be contin- 
uous both for the wave function itself, and for its derivative with respect 
to 2. The value of |7(A)) will be very small if the ray trajectory correspond- 
ing to the elevation angle 7(4) should traverse the atmosphere (ionosphere) 
instead of being bent downwards. 

The down-coming wave W, in its turn produces a rising wave W, on its 
arrival at the earth’s surface; the wave W, once again splits at the level 
2 =, into a wave penetrating into the stratified atmosphere, and another 
down-coming wave W,, and so on. Similar waves are generated by the up- 
ward cylindrical waves contained in the primary field (3). All the rising 
and down-coming cylindrical waves, thus produced in succession in the 
homogeneous layer 0<¢<<,, are to be added in order to obtain the total 
field there. The expression obtained after the summation is simplest in the li- 
miting case 7 =2,=h=9. This reduction of the homogeneous layer to a 
zero thickness implies that the stratification starts right at the earth’s sur- 
face while both transmitter and receiver are to be assumed on. the latter. 
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A final integration over A according to (3) then yields the expression: 


— 
i 
— 


is Wren Sat catania i 
(1h) n fai was “i J (Ao) È LRU PRESE rt 3 


n2 r=1 
0 
0 


4. — Interpretation of the Ray-Theory Solution (7). 


Obviously the contribution due to the first part 14 of the form in 
brackets of (7) describes the ground wave since only this contribution remains 
in the absence of a stratified atmosphere (7’= 0). The structure of the re- 
maining » terms constituting the skywave indicates the production of such 
a term by r successive atmospheric reflections, and r—1 intermediate re- 
flections against the earth’s surface. 

One of the two factors 1+R occurring in each sky-wave contribution arises 
from the fact that each primary rising cylindrical wave leaving the transmit- 
ter is accompanied by a secondary rising wave; the latter is produced by 
the reflection against the earth of the down-coming wave that is the image of 
the primary rising wave with respect to the transmitter level 2 = h. Both 
rising waves only differ by a factor R in view of the infinitesimal thickness 
of the homogeneous layer 0<2< 2, which was assumed in (7). An addi- 
tional factor 1--R is due to a corresponding situation at the receiver, which 
is also in accordance with the reciprocity theorem. The occurrence of the 
factor (1+ RF)? in (7) has thus been explained. 

The ray-theory expansion (7) is the rigorous solution for the problem de- 
fined in Sect. 2. This solution should not be confused with the geometric-optical 
approximation of the ray theory. The latter approximation can be derived 
from (7) with the aid of the saddlepoint theory for exponential integrals while 
replacing 7(4) by its W.K.B. approximation. 


5. — Expansions into Characteristic Functions. 


The first expansion of this type was given in WATSON’s [2] paper dealing 
with a spherical homogeneous ionosphere limited by a sharp boundary. Other 
expansions were given by RypBECK [3] and SCHUMANN [4]. The possibility 
of such expansions of the wave guide type is very plausible; in fact, the guiding 
effect of the ionosphere can be explained roughly by the property that the 
cross-dimension of the wave guide formed by the space between the earth 
and the ionosphere is larger than the wavelengths of all radio frequencies. 
SCHUMANN’s publications concern the particular modes which occur if the wave- 
length becomes of the same order of magnitude as the mentioned cross-section ; 
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these modes play a role at the very low frequencies which may be excitated 
by thunderstorms. 


6. — The Transition from the Ray-Solution (7) to an Expansion in Terms of 
Eigenfunctions. 


This transition can be performed by the following steps. First we evaluate 
the sum of the geometric series which is represented by the sky-wave terms 
in (7). The convergence of this series is guaranteed by the fact that |R| and 
\T should be smaller than unity in view of their role of reflection coefficients. 
Next we can transform the integration path along the positive axis of the 
7-plane into a path along the complete real axis provided we replace the Bessel 
function /, by half the corresponding Hankel function Hf. We thus arrive at 


8) Dina = [Aa 2 00) © OD 

In its turn the new integration path can be transformed into that of a 
contour around the complete half plane Im / > 0 since the integrand vanishes 
exponentially at the infinite points of this contour. The only singularities 
of the integrand in the domain enclosed by the contour are the poles at the 
zeros of the denominator 1-- RT. The multi-valuedness of the square root 
in (8) is compensated by the other factors as may be verified by the substi- 
tution of the proper value (8) for & and the corresponding value 


So 
(€ 


(9) T(A) = F 
V1? — hg — fig(0)/fasl 

for the atmospheric reflection coefficient. The integral (8) therefore reduces 
to the sum of the residues at the poles A,; the latter are to be determined as 


those zeros of the equation 


(10) too RA) 1A) = 0 


that are situated above the real axis of the A-plane. 

The equation (10) can be interpreted as a resonance condition. It expresses 
that the (complex) propagation direction t, = are sin (A,/ko) is such that 
the corresponding cylindrical waves (4) are unchanged after a combined atmos- 
pheric reflection (multiplication by 7°) and reflection against the earth (mul- 
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tiplication by R) in the infinitesimal layer 0< 2< 4%. The determination of 
the roots A, thus amounts to a quantization of angular directions. The final 
expression for the sum of the residues becomes, after some reduction with 
the aid of (5) and (9): 

27 Hi (Ase) 


(11) De 
| 


97 f(0)Sa-a, 


7. — Final Remarks. 


The above derivations show the fundamental significance of the integral (8). 
In fact, it comprises both the ray-theory treatment and the expansion in eigen- 
functions; the former is obtained by developing the denominator into a geo- 
metric series, the latter by taking the sum of the residues of the corresponding 
contour integral. 

We further mention that the eingenvalues A, to be derived from (10) consti- 
tute a discrete spectrum. This is a consequence of the boundary condition (1). 
For more complicated boundary conditions the field inside the earth has to 
be determined simultaneously with that in the atmosphere; as shown by 
FRIEDMAN, the continuous contribution to the 7,-spectrum than only disap- 
pears for a perfectly conducting earth. 
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1. — Pre-Sunrise Shrinkage of the F, Region, followed by Rapid Expansion. 


One of the most interesting phenomena observed at Buenos Aires is a 
contraction of the F, layer, which begins 3-4 hours before sunrise and is fol- 
lowed by a very rapid expansion: it is remarkable that the expansion occurs 
always with an anticipation of about two hours with regard to the morning 
minimum of f,,.. 

As an example, in Fig. 1 are reproduced some records of March 30th, 1950. 


0330 


Cu 
| 
- 
| 
ci 


i 
| 
T 
2 2° 45 678910 1915. 20Me Ni 2 3 4 5678910 1315 20Mc 


Km 0400 0430 


888 
i 
] 


I | 
ESS 


1 23 2556 758:9) 1113 1b) 20 Mes 1 2 3 4 5 6789 111315 20Mc 


Fig. 1. — Shrinkage of the F, region, followed by a rapid expansion, as abserved at 
Buenos Aires on March 30th, 1950. Sunrise occurred at 0606 (60° W M.T.). 


In some cases, the minimum virtual height has become so low as 190 kmy 
less than the minimum in the afternoon, and the semithickness was reduced 
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to 20km. The expansion is so rapid that the semithickness may increase 
from 20km to 130 km in 30 min. 

Just before the expansion occurs, the /,,, begins to decrease rapidly, while, 
during the contraction, it remain constant or increases. 

The phenomenon shows a greater amplitude when the critical frequency 
remains high after niidnight and when the magnetic activity is low. 

D. F. MARTYN [1], in a recent development of his theory, has suggested 
the ‘existence, at low latitudes, of horizontal drifts of ionization, which are 
directed westward by day and eastward by night; thus there will be a con- 
siderable convergence of ionization on the dawn meridian; this convergence 
is more intense at the lower levels in the F, region. 

It is well known that, in relation with the anomalous behaviour of the 
magnetic diurnal variation in the western hemisphere, the dynamo currents 
must be more intense in the southern part of the western hemisphere: we may 
exspect that the convergence of ionization, which depends on the dynamo 
currents, will be more remarkable in the same region. 


2. — Midday Decrease of f,,, in Western Antarctics. 


As I referred [2], the f,y, presents, at the Deception Island (63°0 S; 60°7 W), 
a very pronounced summer midday decrease, so that the maximum occurs 
about at 23 hours of the local time. Subsequent observations confirmed the 
phenomenon. In the Arctics and in the eastern Antarcties we do not observe 
a similar behaviour of f,,,. 

The western Antarcties presents the lowest magnetic dip, as compared to 
other zones at the same geographic latitude: so that, to the normal increase 
of the tidal velocity with the latitude, is associated a very low decrease of 
the horizontal component of the earth magnetic field; consequently, the ver- 
tical drift of ionization, which depends on this component and on the tidal 
velocity, will be more intense in that region. 

According to Martyn’s theory, we must expect more pronounced midday 


decrease of f,,,. 
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OSSERVAZIONI ED INTERVENTI 


— K. RAWER: 


Je ne rappelle pas avoir vu un cas d'une variation si nette que celui qui nous a été 
présenté. Néanmoins le phénomène ne me parait pas tout aA fait exceptionnel. Il est 
malheureux que la station de Huancayo est toujours considérée comme étant typique 
pour la région tropicale. Ceci n’est pas vrai: sur l’équateur magnétique où se trouve 
Huancayo les couches F, ainsi que E, ont un caractère tout a fait exceptionnel. Buenos 
Aires ne se trouve pas trop loin du maximum d’ionisation qui se produit, de jour en F,, 
au sud de l’équateur magnétique. Or, nous retrouvons à Dakar qui est située sur l’endroit 
correspondant au nord de l’équateur des phénomènes comparables. On y a souvent 
cette distension rapide d’un couche assez fortement ionisée durant les dernières deux 
ou trois heures de la nuit. Le maximum d’ionisation que l’on obtient est souvent infé- 
rieur a celui qui est observé en Europe centrale. Nos anciennes idées suivant lesquelles 
existait un maximum d’ionisation sur l’équateur avec une diminution progressive vers 
le nord et vers le sud doivent étre complètement revisées. Une théorie plus complete 
tenant compte de tout ces phénomènes est désirable. 


e N. 4, 1956 
SUPPLEMENTO AL VOLUME IV, SERIE X elie 


2° Semestre: 
DEL NUOVO CIMENTO 


The Ionized Aurora. 


N. C. GERSON 


Geophysics Research Directorate, AF Cambridge Research Center 
Air Research and Development Command 
Cambridge, Mass. 


1. — Introduction. 


Although radio wave probings of the ionosphere have become routine 
during the past two decades, similar scientific studies of the aurora are very 
recent. As with radio astronomy, the use of radio waves introduces a new 
and potentially powerful tool in the research. Much additional information 
concerning the physics and mechanisms of the aurora, and its production, 
decay and changes will result from these studies. Further, data on the use 
of the ionized aurora for communication purposes will arise from examinations 
now in progress or yet to be undertaken. For purely statistical purposes, radio 
wave observations on the aurora remove the continual limitation imposed by 
inclement weather and cloudiness on luminous auroral observations. 

The ionized aurora is associated with the visual aurora. It usually accom- 
panies the visual aurora although it does not seem to be coincident with it 
in space or possibly even in time. As the visual and the ionized aurorae pre- 
sumably are both formed by the same group of bombarding particles, they 
undoubtedly bear some relationship to each other as well as to the energy of 
the auroral primaries. This aspect of the ionized aurora has scarcely been 
investigated and constitutes an important problem in auroral physics and 
communications research. 

This paper will present some results obtained during an examination of 


the ionized aurora, Most of the data were obtained at a radio frequency of 
50 MHz. 
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2. — Description of Method. 


Generally, two methods have been utilized in investigating the ionized 
aurora. The first involves single station operation using radar methods, and 
is analogous to the vertical incidence, fixed frequency probing technique emp- 
loyed in ionospheric studies. The second method requires two stations, with 
a transmitter at one site and a receiver at the second. The latter method is 
similar to the oblique incidence propagation measurements made on the iono- 
sphere. Both methods have their utility and effectively supplement each 
other as in the case of ionospheric studies. 

The investigations described in this paper, were made with the two-station 
method. A frequency of 50 MHz was employed although in a few cases 144 MHz 
was utilized. The study took place in the three-year period from January 1949 
to December 1951 inclusive. In the great majority of cases, the average ra- 
diated power was about 80 W. The observations were made on a co-operative 
basis by over 300 radio amateurs located in Canada, the United States and 
Mexico. However, most reports on the existence of the ionized aurora were 
obtained from northern United States and Canada; no auroral were observed 
at the Mexican stations. 

Two amateurs were usually involved for each observation. Towards the 
end of the program, several continuously operating beacons were established. 
The beacons emitted signals which the radio amateurs sought during unusual 
propagation conditions. 

It had been noted for some time that the reception of signals reflected 
from the ionized aurora generally required that the antennas of both the re- 
ceiver and transmitter point somewhere in the direction of the visual aurora. 
It was found that this condition should be satisfied irrespective of the actual 
bearing of one station with respect to the second. In the co-operative radio 
amateur newtork, the two stations which established radio contact by means 
of reflections from the ionized aurora, were separated so that they could not 
communicated with each other during normal ionospheric conditions. When the 
ionized aurora was present, however, these stations could establish contact 
by directing their antennas towards the aurora. 

Identification of the aurorally reflected radio waves could be made by the 
peculiar modulation impressed upon the transmitted signals. This modu- 
lation, which has been termed «auroral interaction », has several distinct 
aspects. The sound has been variously described as a « hissing », « garbling », 
« fluttering », etc., superimposed upon the wanted signal. Fading is common. 
When auroral interaction is severe, it is impossible to use radiotelephone, 
recourse must be made to continuous wave transmissions, and even then, the 
returned signals may be completely unintelligible. On other occasions, how- 
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ever, the signal has been very steady, indicating that the magnitude of auroral 
interaction was rather small. 

The modulation impressed on the signal presumably arises from the rapid 
and random motion of electrons present in the ionized aurora. The auroral 
primaries bombard the atmosphere with speeds in excess of 108 cm/s. Some 
of this energy is imparted to the free electrons which are torn from the atmos- 
pheric particles during ionizing collisions. Each auroral primary could initiate 
a small «avalanche » of electrons. The resulting electron density in the ionized 
aurora reaches 108/em* and during strong displays may reach 10° to 10!°/em?. 
The energetic, randomly moving electrons in the ionized aurora impress a 
noise modulation upon the desired signal which at times cause the severe 
interference. 

In any event, the characteristic fading and the peculiar hissing which are 
noticed in signals retlected from the aurora generally allow an unambiguous 
determination of the propagation mode at the receiver site. Thus, aurorally 
propagated radio waves may be distinguished from those propagated by means 
of sporadic E, intense F, layer ionization, tropospheric (or ducting) effects, 
or meteor produced ionization. 

In the study described here the data, after being received from the radio 
amateurs, were care screened, cross checked, and tabulated by hours of the 
day. This tabulation provided the basis for most of the results discussed below. 


3. — Location of Ionized Aurora. 


Before describing the statistical results, a possible method for locating an 
ionized aurora in space will be given. 

Echoes should be received from the ionized aurora as long as it is visible 
from both the receiver and transmitter; i.e., as long as a sufficient number 
of Fresnel zones ure illuminated by the transmitter and simultaneously visible 
from the receiver. To a first approximation, ray theory may be invoked. 

In analyzing the data, it is clear that the greatest possible path from a 
given station to the ionized aurora is the tangent ray. Visual observations 
show unmistakeably that by far the most common altitude of the lower border 
of the aurora lies at an altitude of 100 km and that the most intense portions 
of the aurora are located close to this altitude. This condition will also be 
assumed for the ionized aurora; i.e., that the most common lower altitude is 
at 100 km and that the most intense ionization also oceurs there. With this 
assumption, the tangent ray from the earth reaches the aurora at a distance 
Crab Loon, 

It will be assumed that the southernmost stations able to communicate by 
the aurora do so by means of the tangent ray from the lowest latitude station 
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of the station pair. This procedure allows a delineation of the southern extent 
of the ionized aurora which undoubtedly lies somewhat close, spacially, to the 
visual aurora. 

Employing this method, the southern extent of an ionized aurora was 
located for the aurora of November 19, 1949. Fig. 1 indicates the location of 
some of the radio amateur station pairs (connected by a line) which were able 


110° 100° 90° 80° 706 60° 50° 


to establish radio contact by means of the ionized aurora. The tangent ray 
from the lowest latitude station and Snell’s law were employed to find a pro- 
bable location of the ionized aurora. Also shown is the 60° N geomagnetic 
latitude. At Saskatoon, Canada, a visual aurora was observed «through the 
clouds. » 

The above procedure, which may be materially improved, indicates one 
method for locating the ionized aurora. In the present study, broad beamed 
antennas were employed and antenna directions were but roughly reported. 
For a more accurate determination of the aurora, narrow beam antennas 
vould be utilized and all angles carefully noted. A rotating or oscillating 
directive antenna is quite feasible and when used at a a grid of stations could 
effectively pinpoint the ionized aurora unambiguously. 


4. — Seasonal Distribution. 


From the hourly tabulations, the frequency of occurrence of the ionized 
aurora by months was prepared. A graph of the results is shown in Fig. 2. 
As would be expected, most ionized aurorae appear during the equinoctial 
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periods and least appear during the solstices. The greatest number of reported 

instances was found in April, and the next greatest number in October. 
Some variation from the general conclusions given above for the entire 
period 1949-1951 is fuond in the 


20 fe ela i curves for individual years. During 
AUROPAL _—_ (1949-1957) St 
INTERACTION dedbi 1949, for example, little increase in 

ao STUDIES 3 1 pps 

oe the occurrence of the ionized aurora 
$ k place during spring, whereas du- 
S15L took place during spring, reas 
ro) ring fall a marked maximum was 
910? found. As individual years undoubt- 
S ie i 4 We edly vary from a mean value or trend, 
; these differences are not considered 
I] te È = 5 
- + ! ae significant. / g series of data 
Dee or e ee Til to be siguilic sol A long series 0 
MONA plotted by individual years, however, 
Fig. 2. — Seasonal distribution of the should indicate a gradual increase in 


TONI auroral activity with increasing solar 


activity and vice versa. In any event, 
the consolidated results obtained during the study period are considered to be 
fairly representative of auroral conditions for this portion of the sunspot cycle. 

A comparison with statistics found for the visual aurora reveals the simi- 
larity in occurrence of the ionized and visual aurorae. Fig. 3 portrays the 
annual variation in appearance of the visual aurora for both the northern 
hemisphere (upper curve) and southern hemisphere (lower curve). 

The strong correlation between the occurrence of the ionized and visual 
aurorae confirms the initial expectation; if 
found otherwise the results would perhaps be 
difficult to clarify. If it is postulated that the 
incoming auroral primaries both excite and 


ionize the atmospherie particles, then the | 
excited and ionized volumes should bear some i 
, : 0 
relationship to each other. PEND SASSER AGS OM Naas 
If the bombarding auroral primaries pro- Fig. 3. — Seasonal distribution 
duced cylinders of excitation and ionization, of the visual aurora. 


then the ratio of the radii of the two eylin- 
ders should equal some quantity, A, whose magnitude is as yet unknown. 
It is quite possible that the quantity A is energy dependent, but additional 


studies are required. 
5. — Diurnal Variation of the Ionized Aurora. 


It has frequently been assumed that strong auroral displays persisted 
consecutively for several days, but only being visible on successive nights. 
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Presumably they were not observed during daylight because the intense scat- 
tering by the lower atmosphere prevented their observation. It was generally 
believed that radio wave observations on the ionized aurora would reveal its 
presence during daylight. 

The radio method, of course, allows the aurora to be kept under surveil- 
lance throught the twenty-four hour period. The results which the radio 
probings revealed were somewhat unexpected; the ionized aurora occurred 
during some daylight hours, but the frequency of occurrence was a minimum 
during the morning. The greatest 


number of reported cases was found so AUFORAL INTERACTION STUDIES 1949-51 INCLUSIVE], 
during darkness. 
Graphed on Fig. 4 are the results e 
: Ra : i 3 60} 60 
of all data obtained during the period ame | 
CERTI e re <i ax- Ww 
under study. A rather sharp max Sal in 
imum of occurrence is found near x 
E ? 5 È D 
2000 Local Standard Time. By far Z20 20 
a = 
the greatest number of occurrences 
ras reported in i rval fr per ET e Ler 2 
was reported in the interval from a ts ay ag È 730 
1600--2400 LST. The period from HIME CEST) 
about 0400 LST to about 1400 LST Fig. 4 — Diurnal distribution of the 


ee A : ionized aurora. 
had a minimum of aurorae. On the 


average, lonized aurorae first made 

their appearance at about 1400 LST, with a maximum about six hours later. 
Conditions on any given night, however, may depart considerably from this 
average. During the interval from 0400-0600 LST no cases were reported. It 
is believed, however, that the co-operating observers were not active during 
this interval and that additional observations are necessary before definite 
conclusions may be reached. 

It is felt that the results after 0100 —0200 LST may be somewhat misleading 
for the same reason. In any event, considerably more observations are re- 
quired in the interval from 00001200 LST before the tentative results shown 
in Fig. 4 may be accepted with confidence. 

While some fine details yet require resolution, there is no doubt regarding 
the very low frequency of occurrence of aurorae during daylight. This decrease 
has been observed by other investigators and seems somewhat typical for the 
(low) sunspot activity period from 1949 to the present. 

Some interesting speculations may be made regarding the relatively small 
occurrence of ionized aurorae during the morning hours. Essentially, it would 
seem that some mechanism operates to prevent intense auroral ionization 
during the morning. Undoubtedly, the precession of the geomagnetic pole 
around the geographic pole changes the orbits of the incoming particles; how- 
ever, whether this action is strong enough to deflect the auroral primaries from 
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the morning side of the planet, is not known. With homoenergetic solar par- 
ticles, the precession could alter the size and shape of the zone of avoidance, 
and so cause the morning minimum actually observed. Another possibility 
concerns the ionizing action of solar radiation, which may act as a « poisoning 
agent » in the high atmosphere. In this sense, the presence of the shorter wave- 
length radiation from the sun raises the atmospheric atoms and molecules 
to higher energy states which may be more difficult to ionize by collision. 
This aspect of the problem—the «bite out » effect or the minimum of auroral 
activity during the morning hours—requires more intensive investigation. 


Some remarks may also be made 


on the duration of individual ionized 
12- DURATION VS TIME OF DAY 12 aurorae. The total time of their ap- 
10 pearance is shown in Fig. 5. The solid 


S 


8 vertical bars indicate the maximum 
duration of an ionized aurora for the 
hour shown as ordinate. The broken 


DURATION (HOURS) 
i 


4 IO : b 
sl curve joining the bars is the median 
2 ee: . 1 
2 value of the duration for the hour 
Os" 16 18 1 eo? 75 concerned. In general, it appears 


TIME (ESI) that the duration of an ionized au- 


Fig. 5. — Duration of the ionized aurora rora may be somewhat related to the 
beginning at the hour (LST) indicated. time it first appears. It would seem 
that aurorae forming in the early 
afternoon last longer than those appearing later in the day. If the medians 
alone are considered, the duration appears to decrease from about four hours 
at 1500 LST to about one hour at 2300 LTS. 

It should be emphasized that the duration chart (Fig. 5) is very tentative 
and must be accepted as a graph of minimum duration. It is felt that the true 
duration of most ionized aurora is greater than that portrayed in this figure. 
Many of the co-operating amateurs went to bed after about 0200 LST, limit= 
ing the apparent duration of ionized auroral. Nevertheless, the graph is useful 
in that it presents lower limits to the duration. Future studies will clarify this 
aspect. . 


6. — Communication Possibilities of the Ionized Aurora. 


On most occasions the occurrence of the aurora has been considered to 
signify the onset of a polar blackout condition. Radio communication on 
usual frequencies was disrupted, and the radio disturbance so common to 
the polar regions were initiated. It now seems clear, however, that radio pro- 
pagation at the higher frequencies is quite feasible during these disturbed 
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conditions, provided an ionized aurora is present. The general effect is diagram- 
matically illustrated very simply in Fig. 6. -As is well known, under normal 
conditions broadcast and somewhat higher radio frequencies are reflected from 
the (E or) F, ionic layer, as shown by the solid ray from the transmitter to the 
ionic layer and thence to the receiver R,. To very high radio frequencies, the 
ionosphere is transparent, and the radio ray from 7 excapes into space, 

When an ionized aurora exists, however, marked changes may occur in 
the reflexion and scattering conditions. The presence of the aurora is revealed 
by the streamers of Fig. 6. They may cause strong absorption of the radio 
waves at broadcast frequencies; insufficient energy is returned to be detected 
by the receiver. Thus, in Fig. 6, the 


broadcast ray essentially stops at its SE 
Q 
5 


intersection with the ionized aurora. 

VHF frequencies also behave dif- 
ferently. Rather than escaping into 
space, as before the existence of the 
aurora, they are reflected or scat- 
tered to some site on the ground 
not previously in the « zone of con- 
tact» from station 7. This site is 
indicated as R, on Fig. 6. In es- 


Fig. 6. — Simplified version indicating the 


sence, the appearance of the ionized effect of the aurora on radio ray paths. 
aurora has eliminated the radio con- With no aurora present, and undisturbed 
tact between station 7 and receiver polar ionospheric conditions, the broad- 


cast ray is returned earthward after re- 
fraction by an ionic layer while a VHF 
ray escapes into space. With an ionized 
from 7 to It. aurora (or disturbed polar conditions) 
In general, the communication pos- the broadcast ray is absorbed, but the 
VHF rav is scattered earthward. 


R,, using normal frequencies, but has 
opened a new communication channel 


sibilities of the ionized aurora have 
scarcely been utilized. During periods 
of disturbed conditions, they open alternative channels for communication 
purposes, and even under normal conditions, they may allow new circuits 
to be employed. 

It is known that the location of the brightest luminous aurora is not the 
location of the most intensely ionized auroral region. Nevertheless, directive 
antennas searching over the luminous aurora or in its vicinity may find the 
sufficiently dense ionization volumes needed to allow communication with 
predetermined relay stations. 

It would be expected that the intensity of ionization when maximum solar 
activity is approaced would increase, thereby allowing higher radio frequencies 
to be employed. During periods of sunspot minimum, radio frequencies up to 
220 MHz, reflected from the ionized aurora, have been used successfully for 
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communication purposes. At sunspot maximum, it is felt that the upper fre- 
quency limit should increase to 400 MHz or even considerably higher. During 
the period of maximum solar activity, however, the auroral primaries would 
probably be more energetic and more numerous, so that the disturbing effects 
of auroral interaction may be severe. In general, a greater number of new com- 
munication circuits probably could be established and operated even though 
the impressed noise modulation may increase. On a percentage basis, the 
trouble someness may be rather small. 

In employing the aurora for the reflection of radio waves, the use of directive 
antennas would increase the signal to noise ratio. It may prove necessary to 
change the direction of the receiving and transmitting antennas to maximize 
signal strength. It may also be necessary, during sustained transmission, to 
again search for an optimum antenna bearing. In any event, better results 
may be expected if oscillating directive antennas are employed. 

It should be noted that the present 
study was conducted with rather low 
power, about 80 W. An increase in ra- 


diated power would of course improve 
the signal to noise ratio. 
Undoubtedly, the best propagation 
results occur when both transmitting 
and receiving stations he south of the 
auroral zone. This conclusion arises sole- 
ly from a consideration of the dip of the 
magnetic lines of force in the auroral 
zone. Fig. 7 indicates the location of 
an ionized auroral sheet along the mag- 
LENO Uh E Radio ray path from uhe ground netic lines of force. The expected ray 
to the ionized aurora, which is assumed paths are indicated when transmitters 


to be oriented along the magnetie lines 
IO Incstcaame oo located (a) north and (b) south of 


AURORAL REFLECTED RAYS 


south of the aurora; lower diagram, sta- the auroral zone. The upper half of 
tions located north of the aurora. the figure illustrates conditions for a 


transmitter located south of the aurora. 
The ionized aurora is inclined to the earth along the magnetic lines of force. 
The normal to the ionized aurora is shown dotted. Several ray paths are possible. 
A ray could be reflected along the normal to the ionized volume; it could 
proceed as a critical ray, or it could be multiply reflected by some ionic layer 
and the aurora. The actual ray path depends upon the transmission point. 
The lower section of Fig. 7 indicates corresponding conditions when the trans- 
mitter is located north of the ionized aurora. In this instance, it is much more 
difficult for an incident ray to be returned to the ground. | 
The optimum time for communication by means of the ionized aurora 
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seems to be from about 1600-2200 LST. The best time of the year for auroral 
propagation occurs during the equinoctial periods. 

The use of scatter circuits, together with more widespread use of the 
ionized aurora will allow greater inroads to be made on positive communic- 
ation conditions in the polar regions. The presence of the ionized aurora allows 
the attainment of propagation circuits not yet fully exploited. 
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Some Observations 
on the Influence of a Solar Eclipse upon the Ionosphere. 
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It is well known that a solar eclipse offers important information on the 
phenomena controlling the development of the ionospheric layers. 
The most general equation of the electron equilibrium in the ionosphere, 


dN 


ca q(t) — Ut) , 


where N is the electron density, g(t) and U(t) are the rates of electron production 
and of electron loss respectively, and ¢ is the time, is generally writen in one 
of the two following forms: 


dN n dN 
dt dt 


if one assumes as the principal process for the electron loss the ionic recom- 
bination (x is the effective recombination coefficient) or the attachment to 
neutral atoms and molecules (B is the attachment coefficient). 

Assuming that: 4) the principal ionizing agent in the upper atmosphere 
is the ultra-violet solar radiation; b) the ionizing power of the sun is uniformly 
distributed over its visible disk, we write 


q(t) = q,,S cos 7, 


where y is the zenith angle of the sun, S is the visible fraction of the area of 
the solar disk, q,, is the value of q when y = 0 and S=1. 

If one knows the astronomical «magnitude » m (eclipsed fraction of the 
solar diameter) of the eclipse, the minimum value d of the distance between 
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the centers of the disks of the sun and of the lunar shadow is d = 1— m, 
and this distance, measured in solar diameters, is, during the exclipse: 


ice | Fa (a= ake ais 


> Cae 


where ¢, is the commencement time of the eclipse and #, the time of greatest 
occultation. The visible fraction of the solar disk is 


va 


QUIS 


DES)? 
6 40 .) i 
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(are sin D + DV1— D?) = —D (1 eee eS 
TT 


We now considered the ionospheric conditions about the maximum of the 
eclipse. The electron equilibrium in the ionosphere is not instantaneous, and 
the maximum electron density N of a particular layer attains its minimum N, 
at the time (t, + At) instead of t,. 

We indicate with the indexes n, 1, 2, m the values of the «normal » mag- 
nitudes (i.e. in absence of eclipse), at the time t,, at the time t,, at the mi- 
nimum of electron density respectively. 

If (AN/dt), ~ 0 when # = f,, we may write, for example in the recombi- 
nation case, 


; ? At 
| Ln N2, = g(t, + At) ~ qu|S; CO8 x. + (COS ya — 8; COS 72) - 


an 


CNS = (Ja CORY.) 2 


Putting: K=S,+ { (cos 4,/CO8 72) — Sp} At/(t, —ti,) and if a, =%;-wWe “have 


Î 


K he 
1 = ——___,, (recombination) , 
(N m|N DE i 
Analogously for the attachment case, 
K | 
| (attachment). 
NINE, 


We may write at the instant &, 


N,— Nw 


At = QuS, COS Y¥2— %NG, 


0 = qu 00s ¥,— Ni, 


md 1k og: — 0, ==. a, we have: 
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Analogously for the attachment case, 


We have applied this simple analysis of first approximation to the iono- 
spheric data obtained at Rome during the partial solar eclipse of June 30, 1954 
(Fig. 1), and moreover to data obtained by others in some past eclipses [1], 
which occurred in calm geomagnetic conditions and for which (dN/dt), ~ 0 
when ¢ = 1%,. 

The results appear in Fig. 2 and in Fig. 3. In Fig. 2 the ratios K/(N,/N,) 
and aN aN) are plotted with the zenith angle of the sun; the encircled 
values, which are strangley out of place, are the values calculated for the 
F, layer from data obtained in high-latitude stations during the eclipse of 
July 9, 1945 [2], for which we suppose an anomaly of local origin. 

The examination of these figures leads one to the following conclusions: 


(a) In the E and F, layers, the rate of electron loss varies with the 
second power of the electron density, as if the process of electron removal 
the ionic recombination. 


o 
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of the electron density, as if the process of electron removal were the attach- 
ment to neutral atoms and molecules. 


(c) In the F, layer, the decrease of electron density during a solar 
eclipse is, for identical conditions, more important in winter eclipses than in 
Summer eclipses. 


(d) The recombination and attachment coefficients decrease with the 
height. 
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The seasonal anomaly of the eclipse-effect in the F, layer can be explained, 
perhaps, with a superposition hypothesis of the two layers of the F region, 
as suggested many years ago by L. V. BERKNER [3]. The cooling of the iono- 
sphere during the eclipse has the result of raising the level of maximum electron 
density in each layer towards zones with lower electron loss; the raising is 
greater for a smaller vertical density-gradient of the ionizable molecules, i.e. the 
F, layer tends to separate itself from the F, layer. If the critical frequency 
of F, is due to the superposition zone between the F, and the « true » F,, one 
understands that the eclipse-effect upon this frequency depends on the vertical 
movements of the two layers and also on their «degree of superposition », 
and is stronger in conditions of large superposition, i.e. in winter months. 
Unfortunately we are not able to test this hypothesis with the data obtained 
at Rome during the eclipse of February 25, 1952 [4], the F, data are missing 
due to interferences, and we hence leave the question for further study. 

Besides, referring to Fig. 1, we have noted three interesting phenomena 
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of enough general character in the ionospheric eclipse of June 30, 1954 observed 
at Rome: the existence of secondary minima of critical frequency outside the 
limits of the optical eclipse in the E, F, and, perhaps, F, layers; a marked 
eclipse-effect upon the sporadic E ionization; the appearance of a sub-strati- 
fication (X in Fig. 1) between the E and F, layers. 

On the first question, it is necessary to consider the eclipse of the « ionizing 


) 


sun instead of the « visible » sun in order to explain this fact. The «ionizing 


) 
sun. which includes the corona and the corpuscolar emissions, is more ample 
than the disk of the « visible » sun, and is not uniform, strong ionizing sources 
being localized in particularly active zones of the solar surface and atmosphere. 
The secundary minima of electron density observed shortly before and after 
the optical eclipse may be explained in terms of coronal occultation [5], and 
the minima observed far outside the limits of the photon eclipse, in terms of 
corpuscolar eclipse; the occultation of active zones of solar surface may ex- 
plain the irregularities sometimes observed in ionospheric characteristics during 
a solar eclipse. These questions are all of great interest, and it is hence neces- 
sary to sistematically integrate in the next eclipses the ionospheric data with 
heliophysical data. 

On the second question, also in the eclipses of February 14, 1934 in 
Southern Seas [6], of June 19, 1936 in Japan [7] and of July 9, 1945 in Nor- 
thern Sweden [2], a strong decrease of the FE sporadic frequency has been 
observed. These facts and some regularities in the seasonal and diurnal 
behaviour of the sporadic E, leads one to suppose some relation between the 
formation of the sporadic E and the activity of the normal layers, for example 
by electron photo-detachment processes from negative ions [8], or/and, as 
suggested by D. F. MARTYN, by the descent of banks of charges from the F, 
layer to the E level [9]. The sometimes observed decrease in the E sporadic 
ionization during a solar eclipse may be consequently due to a real eclipse- 
effect. 

On the third question, the appearance of a sub-stratification between the 
E and F, layers during the eclipse of June 30, 1954 may be ascribed, perhaps, 
to the phenomenon suggested by Martyn, that is the formation of the spo- 
radic E der by descent of charges from the F, layer. One sees in Fig. 2 that 
this sii stratification has the form of two nigh, thin layers, Son dis- 
appearing by descent to E level, the other by ascent to F, level. Something 


like that has been observed in other eclipses [10], with the appearance of a 


new layer between the F, and the F, layers, that is perhaps explicable as a 
particular case of partial merging of the two layers; in fact, if the maximum 
electron density of the superposition zone has a value comprised between the 
maximum value of the F, and «true» F, densities, one can observe three 
critical frequencies in the F region, | È 
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Concluding Remarks. 


If one examines the available data on ionospheric eclipses, one is, in general, 
able to deduce from this examination only conclusions of very generical cha- 
racter, already known, in part, by other ways, as: (a) that the principal 
ionizing agents of the upper atmosphere are electromagnetic radiations from 
the sun; (b) that the rate of electron removal is proportional to the second 
power of electron density in the E and F, layers, to the first power in the 
F, layer. 

The actual situation of the ionospheric physics on the contrary requires 
a more stringent investigation of the experimental facts. For example, we 
in practice have no information on the behaviour of the level of maximum 
electron density of each ionospheric layer during a solar eclipse, and hence 
we cannot study etfects due to hypothetical vertical movements of the iono- 
sphere during the eclipse. 

We think that our work in the future could be improved in order to establish: 


(i) a common standard for obtaining and presenting the ionospheric 
data regarding a solar eclipse; 


(ii) a common method, at least to first approximation, for the reduction 
of the experimental curves /’/(f) to curves of electron density with geometrical 
heights, for studying at the various sites and in comparable conditions the 
eclipse-effects at the heights at which they effectively occur. 


(iii) a common method, at least to first approximation, for the corre- 
lation between the ionospheric data and some heliophysical magnitudes during 


a solar eclipse. 
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It is well known that the problem of the temperature effects on the electronic 
density in the F region of the ionosphere is not satisfactorily solved. Part 
of the noticeable uncertainties are in the experimental method of ionospheric 
measurements which give 4'(f) curves of the « virtual » (not geometrical) height; 
other very important uncertainties concern the knowledge of some parameters 
which are considered in the fundamental theory (temperature, its vertical 
gradient, etc.). 

The following considerations refer to the F region (particularly to the 
F, layer); they are essentially qualitative for, at this stage, the numerical 
results are widely incomplete. Final results and a complete discussion shall 
be published, as soon as possible, on Annali di Geofisica. 

Bates and Massry [1] have shown that, neglecting the diffusion, the 
electronic density N at a particular level is given by the equation 

ON 


(1) a IR), 


where J(z) = ionization intensity; 


ie Tee bs Wd vi dA 
Oo = A TT a T a ; 
NT di N(1+ A) dt 
xa=a,+ha;; «, = electronic recombination coefficient; «, = ionic recombi- 


nation coefficient: 7= absolute temperature and 7 is a complicate function 
for which we here assume d//dt =0, so that we reduce to consider the 
equation 
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If we, in an elementary form, consider only the process of the attachment, 
the equation (2) is substituted by the equation 


oN ee NE 
(a N , 
x (e) — / 


(3) T dt 


where p is the attachment coefficient. 

Concerning the dependence of x and B on the temperature, it is generally 
assumed that «oc 1/7" with n =}, 1, 2,3 and fee dia WW bp 

The results of DomInIcI [2] and of other authors suggest that the correct 
equation for the F, layer may be an equation of the type (3). 

If we write v = N/N,, where N, is the maximum electronic density when 
the zenithal angle of the sun has the value y = 0°; I(2) = 1,F(z,t), where 
I, is the maximum ionization intensity when v= 0°; t= (86400/27)®, where ® 
is the time expressed in radiants; and if we assume, for sake of simplicity, 
constant values of x and f, we obtain from (2) and (3) the equations 


Cy 
4 ae = F— 9 — oy 
(4) =D Fa TOY , 
where 
Tata 1 È TIA 
1.37-102(Zga)?? es Th ew” 
and 
5 an 
(5) One = F—y— oor, 
where 
Il 
o=—_ 
1.37-1048 


The complete solutions of the equations (4) and (5) have to be periodic 
with the period 27. If we consider only the meridian hours and a 
is rather small (for example < 1/5) 


ssume that o 
we can consider the stationary case and 
to apply, as a better approximation, the perturbation theory; writing v= 


3 =Vo + OV, 
we obtain from (4) and (5) the solutions 
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and 
| Beas, 
(5') a ar 


The ionization intensity [(z), if one puts 7=7,(1-+ pz), is proportional to. 
(6) exp {— k(1 += pa) 22% sec 41-1. + pa) UA 


where # is a constant parameter; 7, the scale height at 2 = 0. 

If one wants to explain the anomalous diurnal behaviour of /,F, it is ne- 
cessary to assume large time variations of the temperature: for example, 
AKASOFU [3], who considers grad 7 cc cos y in the F, layer, in order to 
obtain in the F, layer a ionization intensity less at noon than at 11” is forecd 
to assume a ratio 5:4 of the grad 7 at noon and grad T at 11" very larger 
than the corresponding ratio of the cos y; with another scheme, KAMIYAMA [4] 
is forced to assume 

T = T, exp [2 (cos y)*], 
where 
Yo = 0,0072 km 


With these (or others) «a priori» assumptions one may attempt the expla- 
nation of the anomalous behaviour of f,/,; however, the required time va- 
riations of the temperature may seem excessive so that we think more inte- 
resting, at this stage, to consider another aspect of the problem. 

In the equation (2) the term — (N/T)dT/dt 
expresses the contraction or expansion effects caused 
by time variation of the temperature; indeed this 
term has to be substituted [5] by the term (N/m) dn/dt papa 
(n is the particle concentration) that reduces to ia 
— (N/T)AT/dt only if one considers the isobaric case, 

i. e., if one considers that the F, layer lies on an iso- 


baric surface [6]. 


The time dependence of the terms — (N/7)AT/dt = 
and (N/x)dn/dt is very different: let us consider a Fig. 1. 
time variation of the temperature having a maxi- 
mum value at noon (Fig. 1); the term — (N/7')a7/ dt = — No, assuming t = 0 


at noon, is 
(eae “for. 20 
No 


— 
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_ 
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from equation (4) we thus see that, if #(z) is a minimum at noon, the density 
y may have two maxima: one before, the other after noon, this being larger 
than the former; instead if one considers the term (N/n)dn/dt it is, for height 
larger than a minimum value which is rather small in relation to the normal 
assumed values of the involved parameters, 
(8) N dn f= OT Gal 
NE ds 0 none sens 

This behaviour of (N/n)dn/dt is such that the two eventual maxima of 
the electronic density are the antimeridian one larger than the postmeridian 
one (normally this effect is not statistically observed). If the ionospheric tem- 
perature is a maximum after noon, this difference of the maxima is empha- 
sized. 

The Figs. 2, 3, 4 show the results obtained, in the stationary case, for 
some particular cases, respectively considering the term — (N/T)dT/dt 
(Figs. 2, 3) or the term (N/n)dn/dt (Fig. 4); we have indicated with », the 
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maximum value of v, putting v,,=1 at noon. Curves aa in Figs. 2; 3 show the 
behaviour of vm in the case of KAMIYAMA and, in the case in which grad T/T, 
nye x 0 è © € ry] n i è 
has a constant value with the height but depends on the time in the form 


ne = grad = 


( 0.577° =2=2 6204 
where D,—0.4; grad[(T/P)ly-9,=9-0316 km, h=} s pr 


{= 0.357 other values of @. 
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Curves aa and bb in Fig. 4 show the corresponding behaviour of VY, CON- 
sidering the term (N/n)dn/dt. 

The difterent behaviour of the electronic density in the two cases must 
be considered if one wants to explain the anomalous diurnal behaviour of 
the F, layer; we think that it is more correct the use of the term (N/n)dn/dt 
but in this case the postmeridian maximum of f,F, may eventually be larger 
than the antemeridian one only if the maximum value of the temperature 
occurs during the morning: this fact does not seem quotable so that we 
conclude that, if the isobaric scheme is not valid, the diurnal time varia- 
tions of the temperature in the F, layer must be rather small; hence the ano- 
malies of the layer cannot be caused by temperature effects of the type con- 
sidered. 

This negative conclusion agrees with the results that GERSON [6] has 
obtained by different considerations. We think that the diurnal variations 
of the temperature are small except those occurring near sunrise and sunset 
or, possibly, during the night. 

If one wants to explain the anomalies of the F, layer it is necessary to 
consider some different hypotheses: let us consider the possibility that both 
F, and F, layers are originated by the same ionization process (considered for 
example by Mirra [7]); the formation of the F, layer is determined by a 
sudden height diminution of the recombination coefficient: MITRA does not 
consider the cause of this diminution. 

Concerning this fact the author has studied [8] the electron production 
in an atmosphere in which the temperature gradient is 


| = a constant #0 for 2<¢ 
(9) grad SHE: 

|=0 for =05 
where c is a reference level. This model may be A ken 


suggested by the experimental observation [9] that 
the ionospheric temperature at the heights of 
600--700 km is 1000-1500 °K, smaller than or 
equal to the values normally assumed in the F, 
layer. One could explain the cusp A (Fig. 5) ob- 
served in the ionograms (expecially in the summer 
ones) saying that it is caused by the discontinuity 
of the temperature gradient; the scheme may 
give an interpretation of the hypothesis of MI- 
TRA; the different dependence law of the recom- 
bination coefficient with the height in the lower Fig. 5. 

and in the upper parts of the F region (F, and 

F, layers, respectively) may be attributed to the different behaviour of the 
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temperature in the two parts of the F region below and above the height e corre- 
sponding to the sudden temperature variation. 

We write equations (2) and (3) neglecting, during the daylight, the 
term including the time variations of the temperature; we assume a scheme 
of the ionosphere in which the generalized recombination coefficient x has 


the form 


(10) x OC 


if we assume that at a certain height e (the height of the temperature dis- 
continuity) the coefficient x has a constant value 4 during the meridian hours, 
the height dependence of « is of the type 


(11) a 


where n,, T., N. are the values of n, 7, N at the height c. 
With these assumptions we obtain the following height dependence of the 
recombination coefficient 
1 N. 


9 Da ( e È 
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where H, is the scale height for <> ec. 


It is noticeable that we can write the equation (2), respectively for the 
F, and F, layers, in the following form. 
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We draw attention to the fact that at the height ¢ equation (14) 


is written 
in the form 


(16) OI are 
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i. e., in the form corresponding to a recombination scheme: this fact agrees 
with the results of DOMINICI: indeed these results, showing that the process 
effective in the F, layer is the recombination one, are obtained for heights 
near the height of reflection of the frequency f,F,. 

We have calculated the behaviour of the electron density in the stationary 
case, for some particular values of the zenithal angle y; this preliminary study 
shows some interesting features: 

a) the electron density in the region e > € has a minimum value at noon 
and its maximum value increases for increasing values of the zenithal angle 7; 

b) the density in the region z<c has a maximum at noon and it de- 
creases approximately as (cos y)*, for increasing values of 7; 


c) the cusp A is vanishing for increasing values of y: this fact explains 
the disappearence of the F, layer in not meridian hours and during the night; 


d) the height #’F, is a minimum at noon and it slightly increases in 
not meridian hours; on the contrary the height of the maximum electron 
density seems to increase in meridian hours. 

With regard to nocturnal conditions the equation (15) easily shows that 
the decreasing of f,F, is slower than according to the Chapman theory, for 
the decreasing value of the recombination coefficient; this effect, at least quali- 
tatively, agrees with the experimental observations. 

The conclusions we have drawn seem to agree with the more complete 


numerical analysis we are carrying out. 
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We briefly consider the diffusion effects in the ionosphere; this problem 
has been recently studied by FERRARO [1] for an isothermal atmosphere: 
we here want to extend the study to a not isothermal atmosphere applying the 
results of the general diffusion theory including the thermal diffusion. 

We assume that the ionosphere is a binary mixture of a ion-electron gas 
and of a molecular gas, so that we can write, if external forces are not present, 


ne Ò ni Ne OP lo 

(1) cc-- €; = — —— Dy + —— (m,— m,) — + k,—log T|, 
NyNs de n noP Oz oz 

where z = vertical height 


c, = mean velocity of the ion-electron gas 


$ 
| 


» = mean velocity of the molecular gas 
N, n, = number density of the two gases 

n=, + Na; N = its value at az = 0 
Ni Ms 


I 


mean ion-electron and molecular masses 


01, 0° = matter density of the two gases 


0 = 01+ 0 

P = pressure 

T = absolute temperature; T, = its value at 2 = 0 

k, = &,(4/n)(n./n) = thermal diffusion coefficient; «, = a constant 


>» = D,(L/T,)* (n/n) = diffusion coefficient: D,=its value at <=0. 


The fundamental equation may be written in the form 


(2) a 1) ani — div (me), (recombination case), 
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A 
Cn, 
ct 


= I(z)— Bn, — div (n,e,) . (attachment case). 


If we assume a constant value p7, of grad 7, from (1), (2), (3) and mn e, + 


+ Nc, = 0 we deduce the equation 


- 
Cn, 
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where g(n,) is an? or Pn,, respectively in the recombination and in the attach- 
ment case; 
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and H,,, H» are the scale heights of the ion-electron gas and of the molecular 
gas for z—0; we see that if p — 0, the equation (4) identifies with that consi- 
dered by FERRARO. 

If one moreover assumes a constant recombination coefficient 4 during 
the daylight, the equation (4) is written, with usual notations, in the form 


ni a ’ 
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Dop > ; ; 3 
ig = la N, = maximum value of n, for y= 0°; 
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x = zenithal angle of the Sun; @ = (27/86400)t. 


The diffusion effects are small in the E and F, layers for the parameter 7 
is vanishing; instead in the F, layer they may be rather important: if we put, 


for example, 
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If one considers the term 


A cas mv Gi. OV. “Gs 
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as a perturbative one it is possible to write the solution of the equation (5) 
in the form »y =», +7», where » is the solution of the equation 0(0v/0D) = 
— Fx? and », is the solution of the equation 


Di 2 , G Ov G 
ov ; 3 OV 7, OVo Ta 
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having the period 27. 

The numerical results, although incomplete, seem to show that the dif- 
fusion effects on f,F, are rather small; on the contrary the effects on the 
electronic density may be important expecially in the lower part of the layer. 
These results agree, at least qualitatively, with those obtained by FERRARO. 
If the temperature gradient is larger the perturbation theory does not give 
proper results: we must solve the equation (5) in the complete form, but this 
possibly is not the case. 

These results and those of FERRARO show that the diffusion effects are small 
also in the more complicated model of ionosphere we have considered in the 
preceding paper. 
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It is well known that the physical interpretation of the behaviour of the 
F, layer is very difficult and that the questions connected with the singula- 
rities of this behaviour are very interesting for further progress of the iono- 
spheric physics. 

Our actual knowledge of the ionosphere is based almost only on the data 
obtained by standard methods in the various Observatories by vertical radio- 
soundings. The behaviour of the ionospheric layers is obtained from the beha- 
viour of the two parameters h’ (minimum virtual height of reflection) and f, 
(critical frequency of the ordinary ray). 

The «anomalies » of the F layer are in the fact that the behaviour of 
h'F, and f,F, is quite different than the behaviour of WE, h'F,, fb, fof1- 
Since the behaviours of the E and F, layers agree, at least qualitatively, with 
the Chapman’s theory, one must explain why this theory does not apply to 
the F, layer, if for the action of perturbative effects or if for reasons relating 
to the nature of the layer itself. 

We so have some theories based on the hypothesis that the «true» F, 
layer is substantially a Chapman’s layer and that the diurnal and annual 
anomalies of the critical frequency are due to the effects of expansion or 
contraction of the layer, or to the superposition of the F, and the « true» F, 
layers with the formation of a region of high electron density (« apparent » 
F, layer) or to the dynamo-magnetic effects of lunar and solar tides in the upper 
atmosphere; on the other side we have the theories based on the hypothesis 
that the F, layer is produced as a continuation of the F, caused by a sudden 
variation of the recombination coefficient. 

A critical examination of these theories leads one to the conclusion that, 
at this stage, it is impossible to give a model of the F, layer satisfactorily 
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describing the physical facts, if one does not assume some convenient «a priori » 
hypothesis: it is the case of the theories based on thermal effects, which can 
explain, at least qualitatively, the most important anomalies of the F, layer 
by the assumption of a convenient law of height or time variation of the 
temperature. We have already pointed out some critical considerations on 
these theories in a preceding paper [1]; here we want to consider the possi- 
bility that the method of analysis of the experimental data may, in any 
way, determine difficulties of physical interpretation. 

We notice that, unfortunately, the experimental data are not always very 
reliable; however, in our opinion, the greater difficulty is in the fact that 
their interpretation is rather doubtful, as we now will show. 

This interpretation is essentially based upon the consideration of minimum 
virtual heights and of critical frequencies; let us consider, at first, the virtual 
height: it is well known that the virtual height is proportional to the « trans- 
mission time » and that the velocity of propagation of the exploring wave is 
not constant in the ionosphere. Hence, the consideration of virtual heights 
‘an determine noticeable errors in the questions of ionospheric physics. For 

example, if the virtual height increases, one 


Sai Quadratic superposition is led to think that the layer rises; indeed, 
= Linear » » 


in some particular cases, one can show 
that an effective lowering of the F, layer 
is accompanied by an increase of the mi- 
nimum virtual height: we have calculated 
the virtual height h’(f), for a summer day at 
the latitude 45°, in a F region constituted 
by a F, layer and a « true » F, layer exact- 
ly overlapping at 7 o’clock; we have 
moreover assumed that the two layers 
are chapmanian and that they have max- 
imum electronic density N, and », and 
different semi-thickness 4, and È. 


400 


300} 


280 | 5 
RE tae ASC a, 


Considering the case of linear superpo- 
sition, or as a better approximation, the 
Fig. 1. — 4'(f) in km; f in MHz. case of quadratic superposition and put- 
ting N, = 1.12-10° em-3, », = 1.97-105 em-8 

we have obtained the two pairs of curves (Fig. 1), respectively for a semithick- 
ness 2% = 100 km (F, layer), ¢, = 50 km (F, layer) or 2 = 100 km. = 3 0kime 
In the first case h'F, decreases during the meridian hours and h'F, increases 
although the F, layer lowers as a whole. In the second case, MO both WF, 
and h’F, decrease. / 
These results indicate that, although they are obtained in some particular 
‘ase and by some particular hypothesis, we cannot always assure that the 
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effective behaviour of the lower part of the F, layer is identical to the behaviour 
of the minimum virtual height h’F,. 

In regard to the other ionospheric parameter, the critical frequency, we 
think that, although it is a parameter having an unambiguous physical meaning, 
however we may put some reserve: in effects the maximum electronic density 
(corresponding to the critical frequency f,) occurs at variable heights during 
the day and the year so that it depends not only on the zenithal angle of the 
Sun but also on the (generalized) recombination coefficient which is a function 
of the height. This fact may limit or alter the physical meaning of some 
results obtained in the study of the behaviour of f,, for example when one 
considers the results of the harmonical analysis of the experimental data. 

We conclude that the parameters h’ and f, may have a not clear physical 
meaning, even if for different reasons. In the radiopropagation problems this 
question has not a great importance since other noticeable uncertainties greatly 
influence the experimental facts so that a great precision is not required. 
Instead, from the physical point of view, it is very important, at this stage, 
to examine carefully the experimental data. 

As a first step to further progress, one must obtain the distribution of the 
electronic density N with the geometrical height 2 from the experimental curves 
h'(f); many authors have studied this problem and many solutions have been 
proposed, some based on very approximative methods. A great accuracy is 
instead necessary in the reduction of the experimental curves h’(f) to the N(z) 
curves; this accuracy is possible by numerical integration of the integral equa- 
tion h'(f) =|e'll, N(z)|dz, including the effect of the geomagnetic field on 
the ionospheric refraction index w' [2, 3]. 

The time required by this numerical analysis is largely compensated by 
some essential advantages: we can obtain a complete scheme of the behaviour 
of the electronic density at every geometrical height so that we can study the 
time variation of N at every particular level, independently on «a priori » 
models of ionosphere. Consequently from the usual equation ON/0t = [— xN? 
we can deduce the time and the height dependence of the (generalized) recom- 
bination coefficient «x. 

In this manner it is possible to have an unambiguous experimental basis 
so that we can put more close conditions which the theory must satisfy. 

The numerical analysis of the experimental data may be accomplished 
rather easily for nocturnal conditions, when J = 0 and the E and F, layers 
are absent or very reduced; this preliminary study shall be then very useful 
in order to extend the analysis to the diurnal data. 
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OSSERVAZIONI ED INTERVENTI 


<== Jk, IRAN pA 


È veramente lodevole la serietà con cui i due giovani ricercatori dell Istituto Nazio- 
nale di Geofisica hanno condotto i loro lavori; particolarmente interessanti appaiono 
i risultati relativi al fenomeno di sovrapposizione delle regioni F, ed Fy. 

Una sola riserva mi sembra si debba fare circa l'attendibilità delle determinazioni 
dei valori del coefficiente di ricombinazione nella regione F,, dato che vari fatti stanno 
a dimostrare che questa regione deve le sue variazioni a movimenti ionici più che alla 
diretta azione delle radiazioni solari. Non va trascurato il fatto, che, secondo le ultime 
misure con razzi, le varie regioni ionosferiche non appaiono separate da minimi netti: 
in tali condizioni, acquistano importanza gli studi sugli effetti di sovrapposizione, quali 
sono stati iniziati dai due relatori. 


== 125 1Dxoatansaveine 


Effettivamente una tale ipotesi era stata da me considerata. Se «,, ed «, sono i 
valori del coefficiente di ricombinazione generalizzato corrispondenti rispettivamente 
alla fase massima dell’eclisse ed allo stato «normale », è facile vedere che il rapporto 
mln è dato da ALIA cioè dalle quantità riportate nel graflco della Fig. 2 
della mia nota Some O>servations on the Influence of a Solar Eclipse upon the Iono- 
sphere presentata a questo Convegno (in questo fascicolo a pag. 1572). Da tale figura 
risulta che questo rapporto si mantiene negli strati E ed F, praticamente uguale all’uni- 
tà; nello strato F eftettivamente c'è una variazione. cooperante con il generale movi- 
mento di salita assunto dallo strato. 
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Introduzione. 


Durante la seconda guerra mondiale, BERINGER [1] osservò che lossigenc, 
alla pressione atmosferica, assorbe energia elettromagnetica nella gamma dci 
5 mm. Questo fatto apparve sorprendente, poichè la molecola dell’ossigeno non 
è elettricamente polare e, nel caso di molecole non polari, le risonanze capitano 
molto lontano dalla gamma delle microonde. Ma VAN VLECK [2], osservando 
che la molecola dell’ossigeno è paramagnetica, potè attribuire l'assorbimento 
dell’ossigeno nella gamma delle microonde a transizioni di dipolo magnetico, 
fra le componenti di struttura fine dei livelli rotazionali della molecola. Secondo 
VAN VLECK [3] l'assorbimento osservato da BERINGER a pressione atmo- 
sferica doveva risultare dalla sovrapposizione di numerose righe nella gamma 
dei 5 mm, più una riga isolata, corrispondente alla lunghezza d’onda di circa 
2.5 mm, e le righe avrebbero dovuto separarsi a pressione convenientemente 
ridotta. Egli potè anche effettuare un primo calcolo delle frequenze delle mede- 
sime righe. 

‘Le ricerche sperimentali successive di LAMONT [4], STRANDBERG, MENG e 
INGERSOLL [5] confermarono e precisarono i risultati di VAN VLECK. Succes- 
sivamente BURGHALTER e altri [6] riuscirono a risolvere completamente, a 
bassa pressione, le righe della gamma dei 5 mm e più tardi ANDERSON e altri [7] 
osservarono la riga di 2.5 mm. 

VAN VLECK [2] si riferì, per il calcolo teorico delle frequenze di assor- 


(*) Questo seritto si riferisce ad una ricerca resa possibile grazie ad un contratto 
con l« European Office Air Research and Development Command, United States Air 


Force ». 
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bimento a studi precedentemente compiuti da KRAMERS [8], Hepp [9] e 
ScHLAPP [10], per giustificare la scomposizione dei livelli rotazionali della 
molecola in tripletti (rho-type-triplet). Sebbene l'accordo fra le previsioni teo- 


riche e i risultati sperimentali fosse assai buono, rimanevano — e rimangono 
ancora — alcuni punti oscuri che hanno indotto ad approfondire sia gli studi 


teorici, sia le determinazioni sperimentali. 

| Una prima correzione fu apportata da BURGHALTER e altri [11]; successi- 
vamente MILLER e TOWNES [12], MizusHimMA e HILL [13], TINKHAM e STRAND- 
BERG [14] hanno ulteriormente approfondito la questione. 

Le righe non sono mai monocromatiche. Vari fattori intervengono infatti 
a determinarne la forma e la larghezza (distanza fra i due punti della riga cor- 
rispondenti a metà potenza). 

Le cause più comuni che producono l'allargamento delle righe sono Vef- 
fetto Doppler, lo smorzamento della radiazione e le interruzioni derivanti 
dalle collisioni. Quest'ultima. causa, che predomina nella gamma delle nsicro- 
onde, è stata studiata in un lavoro fondamentale di VAN VLECK e WEISS- 
Kopr [15]. La teoria di Van Vleck e Weisskopf è un perfezionamento delle 
antiche teorie di LORENTZ [16] e DEBYE [17]. 

L'argomento è stato successivamente trattato da moltissimi autori e ha 
dato luogo a gran numero di ricerche sperimentali; tuttavia ancora molte 
questioni rimangono aperte, e sopratutto perchè, mentre non mancano misure 
di alta precisione delle frequenze di risonanza, le misure della forma e della 
intensità delle righe sono relativamente poche e generalmente di scarsa preci- 
sione. Poichè la conoscenza della forma e della intensità delle righe sarebbe 
estremamente utile per la determinazione delle forze molecolari, molte ricerche 
sperimentali e teoriche sono state compiute in questi ultimi tempi in tale dire- 
zione, sia su gas puri sia su mescolanze gassose. 

Le ricerche sperimentali hanno visto un progressivo e prodigioso affinarsi 
delle tecniche sperimentali. Una nuova tecnica è stata elaborata anche presso 
il Centro Microonde, in- collaborazione con l’Istituto di Fisica della Univer- 
sità di Pisa, dalla quale speriamo interessanti risultati (Gozzini). Anche una 
analisi critica dei risultati forniti da queste tecniche è stata compiuta (CAR- 
RARA). 


1. — Rho-Type-Triplet. 


Lo spettro di assorbimento a microonde della molecola di ossigeno è dovuto 


allo stato fondamentale a p Sr AM : 
amentale della molecola stessa “SY. È noto il significato di 
questo simbolo. - 


In una molecola biatomica i avr 2 : 
biatomica il campo nucleare, nel quale sono situati gli 


elettroni, non ha simmetria sferica, ma assiale. Ne segue che soltanto la com- 


t 
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ponente del momento orbitale angolare degli elettroni nella direzione dell’asse 
internucleare è una costante del moto. Nel campo elettrostatico determinato 
dai nuclei, ha luogo una precessione del momento orbitale elettronico L attorno 
all'asse internucleare, in modo che la componente lungo il medesimo asse, M 
può presentare uno dei valori: M = ZL, D—1, L— 2... L. Poichè nel campo 
elettrostatico, invertendo il moto degli elettroni, l’energia del sistema non 
cambia, ma M si cambia in — M, stati che differiscono solo per il segno di M 
hanno la stessa energia (sono degenerati). Invece stati con diverso M hanno 
energie notevolmente diverse. Pertanto si classificano gli stati delle molecole 
biatomiche, in base al diverso valore di | M|, che viene indicato con A e può 
assumere i valori 0, 1, 2,..., L. Per A=0 il simbolo dello stato è X, per 
Ave BIT, per A = 2) é A, eee: 

Ma gli elettroni hanno anche un proprio spin, che viene indicato con N. 
Lo stato fondamentale della molecola dell’ossigeno è uno stato X, cioè A =0. 
D'altra parte, conformemente al fatto che la molecola di ossigeno è paramagne- 
tica, lo spin elettronico è S = 1. Pertanto i livelli rotazionali K (con K indi- 
chiamo il momento angolare orbitale, escluso lo spin), livelli Y come si è detto, 
si compongono con lo spin S = 1, scindendosi ciascuno in tre livelli di eguale K 
e diverso J (momento angolare totale compreso lo spin) dando luogo a J=K +1, 
K, A—1; queste terne di livelli sono dette Rho-Type-Triplet. Occorre anche 
avvertire, che, per le simmetrie derivanti dalla costituzione nucleare ed elettro- 
nica dell’ossigeno, risulta che i livelli con A pari non esistono. La composi- 
zione fra K ed S viene compiuta con la regola di Hund, caso db). 

Sono possibili transizioni fra i livelli di diverso J ed uguale A; tale possi- 
bilità deriva dal fatto che la molecola è paramagnetica; la separazione fra 
le componenti di un medesimo tripletto è così piccola che le transizioni fra 
di esse appartengono alla gamma delle onde millimetriche. Poichè J non può 
cambiare di più di una unità, non sono possibili transizioni fra componenti 
J=K+1e J=Kk —1, le quali apparterrebbero alla gamma delle onde deci- 
metriche. La scissione di ogni livello A in un tripletto viene indicata dal nu- 
mero 3 scritto in alto a sinistra del simbolo 2. 

In una molecola biatomica ogni piano attraverso l’asse internucleare è un 
piano di simmetria. Perciò l’autofunzione elettronica di uno stato non dege- 
nerato (2) o rimane inalterato o cambia segno, per una riflessione rispetto ad 
ogni piano passante attraverso i due nuclei. Nel primo caso lo stato viene 
detto 2°, nel secondo XY. Se i due nuclei hanno anche la stessa carica, come 
accade per la molecola di ossigeno !0,, oltre a questa simmetria, vi è anche 
la simmetria centrale, in conseguenza della quale le autofunzioni devono rima- 
nere inalterate o cambiare segno per una riflessione attraverso il centro. Nel 
primo caso lo stato viene detto pari, nel secondo dispari; tali stati vengono 
indicati rispettivamente con le lettere g (gerade) e x (ungerade). Avremo dunque 


Bitte 
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In conclusione il simbolo dello stato fondamentale dell’ossigeno ae signi-- 
fica: componente del momento orbitale totale elettronico lungo l’asse inter- 
nucleare A -- 0 (stato 2); spin elettronico totale 1, cioè scissione dei livelli 
fondamentali in tre componenti (stato *V); l’autofunzione elettronica cambia 
segno per una riflessione attraverso un piano passante per i nuclei (stato “S”); 
e non cambia segno per una riflessione attraverso il centro della molecola 
(stato PS 

La separazione dei livelli nelle tre componenti è prodotta principalmente, 
secondo KRAMERS [8] dalla interazione fra gli spin degli elettroni non appaiati; 
tenendo conto anche dell’accoppiamento fra lo spin elettronico e la rotazione 
molecolare, SCHLAPP [9] potè calcolare con notevole approssimazione i termini 
rotazionali ottenendo le formule: 


( P,= BK(K+1) + (2K+3)B—A—V(2K+3)?B?+ 4*—24B+pu(K+1) 
(1) F, = BK(K+1) 


Pee BK(K +1) =k) =f OR 21h = Pe 


in cui le F si riferiscono rispettivamente ai livelli J=A+1; J=K; J=K—1; 
inoltre 2, x sono costanti e B = h/8z?cI è la costante rotazionale della mole- 
cola, di cui / è il momento di inerzia rispetto all’asse di rotazione. 

La struttura fine dei livelli rotazionali dà luogo, secondo SCHLAPP, alle 
seguenti frequenze (numeri d’onda) d’assorbimento: 


| v(K) = A— u(E+1)— (2K +3)B + [12 2A4B + (0E+3)*R?]} 


| pn) À + uK + (2K--1)B—[A4*—24B + (2K—1)2B?}, 


dove »* corrisponde alle transizioni fra J=K+1 e J=K; e v_ a quelle fra 
J=K-—1 e .J= K. Come mostrò VAN VLECK, nella molecola di ossigeno, che 
non è polare, sono infatti possibili transizioni per dipolo magnetico, e queste 
seguono, per le proprietà di simmetria +, —, le seguenti regole di selezione: 


+ +, ==. + 


As = 0, Si 


1, con la restrizione J=0-4-J=0; AK=0 


Le risonanze che ne seguono capitano nella gamma dei 60000 MHz (circa 


5 i eZzza d'a ‘ 
5 mm di lunghezza d'onda) con una eccezione, quando K= 1, in cui la fre- 
x DATI 6 : E 
quenza è circa 120000 MHz (lunghezza d’onda circa 2 .D mm). 
Dalle formule precedenti si deduce: 


(3) yi(H — 2) + »(K) = 274 & = costante, 
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Ora, mentre le osservazioni sperimentali di BURGHALTER e altri [11] sul- 
l'assorbimento dell'ossigeno a bassa pressione furono in buon accordo con le 
frequenze fornite dalla formula di Schlapp, emerse tuttavia che Ja (3) non 
era soddisfatta. 

MILLER e TOWNES rilevarono che nelle formule di Schlapp sono omessi 
termini di secondo ordine in « [12]. I due autori rielaborarono le formule di 
Schlapp e pervennero a formule per le F più complesse, senza per altro modi- 
ficare la (3). 

MIZUSHIMA e HILL [13] ripresero in esame la questione, partendo dalla 
Hamiltoniana del Rho-Type-Triplet, e trovarono ancora nuove formule più 
complesse per le F, e un'espressione per la (3), in cui appare una dipendenza 
da K. 

Ultimamente M. TINKHAM e P. STRANDBERG [14], traendo profitto da una 
recente pubblicazione di MECKLER [18] nella quale è esposta una soluzione 
elettronica dello stato fondamentale della molecola di ossigeno e sono forniti 
dati sufficientemente precisi sui livelli energetici, applicano alla molecola di 
ossigeno l’approssimazione di Born-Oppenheimer e pervengono a nuove for- 
mule, invero molto complesse, per le frequenze v, e v_, da cui discende che 
la somma vi(K—-2) + v_(K) è di tipo parabolico in K. 

In conclusione si può affermare che la questione della determinazione e 
della giustificazione delle frequenze di risonanza di assorbimento della mole- 
cola di ossigeno è oggi risolta con grande precisione e che l'accordo con i dati 
sperimentali è veramente soddisfacente. Per i valori numerici delle frequenze 
calcolate ed osservate, rimandiamo alle pubblicazioni originali citate. 


2. — Forma delle righe di assorbimento. 


Come è stato detto nella introduzione, le righe spettrali non sono mai per- 
fettamente monocromatiche; esse si presentano allargate e l'allargamento, 
nella gamma delle microonde, dipende essenzialmente dalle collisioni. 

VAN VLECK e WEISSKOPF, considerando le molecole distribuite fra i vari 
stati secondo la legge di Boltzmann, ottennero la seguente fondamentale espres- 


sione per il coefficiente di assorbimento: 


8aoN h Di Lol pislvaf(va, ») exp [— BjkT] 
6he kT >, exp [— H,/kT] i 


(4) = 


dove »,; = (E;— H,)/h, wi; è Velemento di matrice, che dipende dal momento 
dipolare magnetico e f(v;,, v), detto fattore di forma, è dato da 


1»v Ay Ay 


È 1029) = rsa + det * Oy Poet do) 
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in cui Ay exprime la semilarghezza della riga ed è 


(6) Ny == Ai Doce t=1/Nvo; 


dove t è l'intervallo medio di tempo che separa due collisioni successive di una 
molecola, N il numero di molecole per unità di volume, 7 la velocità media 
relativa delle molecole che vengono in collisione e o la sezione efficace di urto. 

Per una riga isolata, la (4) può essere convenientemente modificata per 
mettere in evidenza la dipendenza del coefficiente di assorbimento dalla fre- 
quenza, dalla temperatura e dalla pressione. Per prima cosa si può ammet- 
tere che N sia proporzionale al rapporto fra la pressione e la temperatura, cioè 
a P/T; poi la somma che compare a denominatore delia (4), detta funzione 
di ripartizione, si può considerare proporzionale ad una potenza di 7° da deter- 
minare, il cui esponente indicheremo con m; inoltre Pelemento di matrice w;; 
si può considerare indipendente dalla temperatura. Pertanto, per una riga iso- 
lata si può scrivere: 


x ,v°P exp [— E;/kT] Ay Ay 
ee ee ars Ole 
[2+m (V;; ana v)? e Ap? (V5; ss v)? - Av? 


dove C è una opportuna costante ed m dipende dal tipe di molecola (per 1°O,, 
m= 1). Ma anche Ay dipende dalla temperatura e dalla pressione. Sembra 
che la migliore approssimazione sia di ritenere Av proporzionale a P- 77. 
Infine, se si suppone che Ay < 0.2v;; si può anche trascurare nella precedente 
il secondo termine fra parentesi quadra. Tenendo conto di tutto ciò la (7) 
può essere ulteriormente semplificata nel modo seguente: 


2 , v2, exp [— #,/kT 

(8) re Ci cate ] ’ XS ep 
5 Erexp|= 4 /kT 

(9) ih: [itm ! ’ per v> Vj; 
on Prexp[— E;/kT](v\? 

(10) ce20, Tie (2) 3 Polare 


Le formule precedenti mettono in evidenza la dipendenza del coefficiente di 
assorbimento dalle grandezze indicate, nei casi considerati. Per esempio, nel- 
l’intorno di una risonanza (formula (8)) « è indipendente dalla pressione, come 
è stato verificato sperimentalmente da TOWNES e da BLEANEY e PENROSE [19, 20]. 
Nel secondo caso invece Vassorbimento risulta indipendente dalla frequenza e 
proporzionale al quadrato della pressione, come è stato verificato sperimen- 
mente da BLEANEY e LOUBSER [21] e da LOUBSER, KLEIN e Townes [22]. 
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Infine nel terzo caso, x è proporzionale al quadrato della pressione e al qua- 
drato della frequenza. Anche questa dipendenza dalla pressione è stata veri- 
ficata per l’ammoniaca da BIRNBAUM, KRYDER e Lyons [23]. 

Approssimativamente il massimo dell’assorbimento si presenta per v = Vij; 
considerazioni più approfondite portano, per il valor massimo del coefficiente 
di assorbimento alla seguente espressione: 


o ep Ey[kT] (3: P 


(11) Ln = 7 
Tm Ay 


aL. Pao) 5 

che mostra come al crescere della pressione, x, aumenta con legge di tipo para- 
bolico. Anche questa conclusione sembra confermata in base alle misure di 
TOWNES e MERRIT [24] e di BECKER e AUTLER [25]. 

Nell'ipotesi che ogni singola riga sia lontana dalle altre e che Av < 0.2»,, 
la formula di Van Vleck-Weisskopf predice con sufficiente approssimazione 
l’intensità del massimo della riga e la sua indipendenza dalla pressione; predice 
la struttura generale della riga nell’intorno della frequenza di assorbimento 
e la dipendenza dell’assorbimento dalla frequenza e dalla pressione nelle ali 
della riga stessa, lontano dalla frequenza corrispondente al massimo. La forma 
della riga può considerarsi rappresentata accuratamente nell’intervallo di fre- 
quenze di ampiezza doppia di quella che corrisponde a 2A», e forse anche in 
un intervallo triplo. Invece, molto lontano dalle frequenze di risonanza, nelle 
ali lontane dalla riga, nella maggior parte dei casi, le misure di assorbimento 
danno valori notevolmente maggiori di quelli prevedibili in base alla formula 
di Van Vleck-Weisskopf. 

Il confronto fra l'assorbimento osservato e quello calcolato lontano dalla 
frequenza di risonanza costituisce un severo esame della validità di qualsiasi 
teoria dell’assorbimento stesso. Tuttavia è un confronto difficile da eseguire; 
infatti, se la frequenza di risonanza è molto lontana da quella inviata nel gas 
e la pressione è sufficientemente bassa per poter considerare le singole righe | 
completamente separate, l’assorbimento è troppo piccolo per poter ottenere 
misure attendibili; d’altra parte se si investiga Vassorbimento ad alta pres- 
sione, derivante da una banda costituita dalla sovrapposizione di molte righe, 
rimane la difficoltà di sceverare gli effetti derivanti dalle righe singole. 

Nel fondare la loro teoria, VAN VLECK e WEISSKoPF partono da semplici 
considerazioni sulla natura delle collisioni molecolari. Essi distinguono fra col- 
lisioni forti e deboli. Una collisione è forte quando, dopo Vurto, una molecola 
non conserva alcun «ricordo » delle condizioni in cui si trovava prima del- 
l’urto; la collisione è invece debole, quando l’effetto delle collisioni diventa 
apprezzabile solo dopo un numero rilevante di collisioni. Essi inoltre defini- 
scono «adiabatiche » le collisioni che avvengono in un tempo trascurabile in 
confronto con il periodo delle oscillazioni del campo elettromagnetico esterno, 
cui il gas è sottoposto. La loro teoria dell’allargamento delle righe per colli- 
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sione parte dal presupposto che le collisioni siano forti ed adiabatiche nel senso 
precedentemente detto. Ma la teoria di Van Vleck-Weisskopf, o una qualunque 
teoria dello stesso tipo, non lascia completamente soddisfatti, perchè la semi- 
larghezza Ay, o il parametro di allargamento Av/P vengono introdotti como 
parametri empirici. Una teoria più completa dovrebbe esprimere il medesime 
parametro in base alle forze intermolecolari. D'altra parte i valori di Ay che 
si possono ottenere in base alla teoria cinetica classica sono sempre più piccoli 
di quelli che si determinano sperimentalmente. 

Un trattamento completo dell’allargamento derivante dalla pressione e la 
valutazione di Ay sono così complessi che hanno permesso trattamenti diversi 
fra loro e con diversa approssimazione; alcuni sono adatti per lo spettro ottico 
ed infrarosso, altri per la regione delle microonde. 

Le forze intermolecolari, che intervengono nel determinare l’allargamento 
sono le forze di Van der Waals. I diversi tipi di forze intermolecolari sono esa- 
minati ed elencati nell’opera di TOWNES e SCHAWLOW: Microwave Spectroscopy, 
p. 348 [26]. 

Tutti i trattamenti sull’allargamento per effetto della pressione, possono 
essere suddivisi in: teorie basate sulle collisioni e teorie statistiche. 

Le teorie basate sulle collisioni suppongono che durante la maggior parte 
del tempo le molecole siano sufficientemente lontane fra di loro, così da poter 
essere considerate libere. Casualmente una molecola si avvicina tanto ad un’altra 
o a un gruppo di altre molecole, che il campo intermolecolare perturba apprez- 
zabilmente i suoi livelli energetici. Dopo la collisione, la molecola può ritor- 
nare nello stato precedente, però con un cambiamento nella fase della radia- 
zione emessa, oppure subisce una transizione in un livello energetico diverso. 
Ambedue i tipi di collisione contribuiscono all’allargamento delle righe per 
effetto della pressione. Le teorie delle collisioni ammettono che la radiazione 
abbia luogo soltanto mentre la molecola è indisturbata, essendo le collisioni 
di durata brevissima e infrequenti. 

Le teorie statistiche considerano le molecole sempre sotto l’azione del campo 
internucleare, e suppongono che la frequenza radiata dipenda dall’ammontare 
dell’interazione durante la radiazione. 

Le prime forniscono un’approssimazione insufficiente a pressioni tali che 


le molecole siano molto vicine e quindi le collisioni molto frequenti, perchè 


6 ae Hrrao oi: ae site = 
trascurano Virraggiamento durante le collisioni; le seconde sono accettabili 


soltanto quando le velocità molecolari sono sufficientemente piccole e non sono 
accurate nel campo delle microonde. 

Se ora consideriamo il caso ‘che la pressione sia sufficientemente bassa perchè 
sì possa ammettere che le collisioni avvengano fra due sole molecole (e non 
fra più molecole), possiamo supporre c 

eC che a un certo moment 
che ruota od oscill di di NE 
a, @ quindi irradia una determinata frequenza, collida con 
un’altra. Se non vi è perdita di energia per effetto della collisione, dopo la 
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collisione la molecola oscilla con la stessa frequenza di prima, ma con un cam- 
biamento nella fase, derivante dal fatto che, durante la collisione, la frequenza 
subisce variazioni in conseguenza dell’interazione fra le molecole. Queste col- 
lisioni vengono dette da TowxEs (I. c.) adiabatiche; l'intensità dell’onda irra- 
diata è eguale a quella prima della collisione, e siccome il brusco cambiamento 
della fase può essere interpretato come uno spettro di frequenze di Fourier, 
rimane giustificato l'allargamento della riga. Ma può anche accadere che la 
collisione sia così forte, da determinare un cambiamento di energia, tale da 
provocare una transizione fra due diversi stati. Collisioni di questo tipo sono 
state denominate da TowNES « diabatiche »; dopo una collisione diabatica, le 
caratteristiche della molecola radiante risultano non correlate con quelle che 
la molecola possedeva prima dell’urto. È poi possibile mostrare [26], che, 
quando il cambiamento di fase in una collisione adiabatica è di almeno un 
radiante, l’energia richiesta per tale cambiamento è, nel campo delle micro- 
onde, più grande di quella necessaria per una transizione. Per questa ed anche 
per altre ragioni, consegue che nel campo delle microonde le collisioni di maggior 
significato sono quelle diabatiche [27]. 

Una teoria che tiene adeguato conto delle collisioni diabatiche, e quindi 
è applicabile nel caso delle microonde, è stata elaborata da ANDERSON [28], 
la quale, in alcuni casi, può utilmente servire, in unione con i dati sperimentali, 
a determinare l’ampiezza di alcune forze intermolecolari. La teoria di Anderson 
parte dalle seguente ipotesi fondamentali: 


a) Le molecole che entrano in collisione seguono traiettorie classiche 
definite. 


b) La durata di ogni singola collisione è piccola in confronto al tempo 
che intercorre fra due collisioni consecutive. 


La teoria stessa conduce ad espressioni per il coefficiente di assorbimento 
e quindi per la forma delle righe, molto simili a quella di Van Vleck-Weisskop, 
e fornisce espressioni generali per la larghezza delle righe stesse. 

Per quanto riguarda la molecola dell’ossigeno !0,, fra tutte le forze di 
Van der Waals che possono in generale intervenire a determinare l’allargamento 
delle righe per effetto della pressione, solo alcune vanno prese in considera- 
zione [29]. Intanto la molecola dell'ossigeno non ha momento dipolare elettrico; 
pertanto le interazioni di Van der Waals a grande raggio d’azione non si pre- 
sentano. Quelle che rimangono sono quelle dovute al dipolo magnetico, a 
quadrupolo elettrico molecolare, alla dispersione di London (gli elettroni nella 
molecola inducono un momento dipolare elettronico) e quelle di scambio (dovute 
alla interazione diretta delle distribuzioni elettroniche nelle due molecole). 

L’interazione per momento dipolare magnetico, nel caso dell’ossigeno, non 
contribuisce apprezzabilmente all’allargamento delle righe, perchè il diametro 
di collisione valutato in base a questo solo effetto (stimato in base alla distanza 
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minima per la quale il cambiamento di fase è un radiante) è troppo piccolo 
(0.238 À). 

L’allargamento delle righe dell’ossigeno dovuto alla sola azione di qua- 
drupolo elettrico molecolare è stato calcolato da MIZUSHIMA [30] col metodo 
delle collisioni adiabatiche; il diametro di collisione calcolato col metodo delle 
collisioni diabatiche, più approssimato (ANDERSON) risulta in questo caso 
minore di 1.71 A. 

ANDERSON ha calcolato anche l'allargamento provocato dalle forze di 
dispersione di London; anche questo risulta troppo piccolo, ma  for- 
nisce tuttavia il contributo più importante. Per questo solo effetto il coeffi- 
ciente di allargamento Av/P risulta 1.27 MHz/mm (invece di circa 1.92 MHz/mm 
di Hg, come determinato sperimentalmente). 

Un ulteriore contributo è dato anche dalle forze di scambio, dovute all’in- 
terazione delle funzioni d’onda. 

Tenendo conto solo di questi ultimi due tipi di forze di Van der Waals, 
ARTMANN e GORDON hanno calcolato il coefficiente di allargamento anzidetto 
per l’ossigeno, ottenendo risultati generalmente in buon accordo con l’espe- 
rienza [29]. 

In conclusione, con le più recenti teorie si è cercato di dare giustificazione 
in base alle forze intermolecolari del parametro di allargamento Ay/P, intro- 
dotto da VAN VLECK e WEISSKOPF come un parametro sperimentale. 

Da quanto precede emerge chiaramente che il problema della determina- 
zione delle frequenze di assorbimento nella gamma delle microonde, per la 
molecola dell’ossigeno, può considerarsi esaurientemente risolto. Similmente 
esistono teorie molto approfondite sulla forma delle righe di assorbimento, in 
dipendenza della frequenza, della pressione e della temperatura, e possiamo 
aggiungere, in dipendenza della presenza di gas estranei. Tuttavia rimangono 
ancora oscuri i seguenti punti, che sono oggetto di indagine presso il Centro 
Microonde. 


A) L’assorbimento nelle ali di ogni singola riga, lontano dalla frequenza 
centrale della riga stessa, appare molte volte maggiore di quello prevedibile 
in base alle trattazioni teoriche. 


B) La forma e la semilarghezza di ogni singola riga, determinata a bassa 
pressione, quando ogni riga può considerarsi isolata dalle altre, dipendono dalla 
pressione con una legge nota che è ben confermata dall'esperienza. Quando la 
pressione aumenta le singole righe si allargano e a poco a poco si fondono, 
dein luogo ad una unica banda di assorbimento che, per pressioni conve- 
nientemente elevate, assume un aspetto simile a quello di una riga isolata. 

6 i Un "i 1 n ‘ ‘ ry Ape As 
Tuttavia ’andamento di questa banda, come deriva dalla composizione delle 
singole righe la cui forma sia calcolata con la legge precedentemente indicata, 
non corrisponde all’esperienza. Da ciò risulta che o le misure sono in errore, 
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o la dipendenza della larghezza delle righe dalla pressione, a pressioni elevate 
è diversa da quella fin qui nota per le teorie che sono state elaborate. 

Sebbene in questi ultimi tempi siano comparsi lavori che hanno assai atte- 
nuato queste discrepanze, sono necessarie ancora approfondite ricerche sia 
teoriche sia sperimentali per appurare queste questioni, specialmente quella 
indicata al punto B). 


3. — Tecniche sperimentali. 


L’assorbimento delle microonde nei gas è generalmente rilevato inviando 
le microonde, generate da un oscillatore adeguato, entro un tratto di guida 
d’onda contenente il gas alla pressione voluta, e misurando l'energia trasmessa 
in funzione della frequenza. Il generatore è costituito da un klystron o anche, 
nel caso di onde millimetriche, da un moltiplicatore di frequenza con cristallo 
di silicio o di germanio, alimentato da un klystron per onde centimetriche. 
L'energia trasmessa dal gas investe generalmente un diodo rivelatore, pure 
costituito da un cristallo semiconduttore. Se la pressione del gas è sufficien- 
temente bassa, così che la larghezza delle righe è dell’ordine del megahertz, 
è conveniente che la frequenza dell’oscillatore varî periodicamente intorno 
alla frequenza centrale della riga; ciò può essere semplicemente ottenuto appli- 
cando al repulsore del klystron una tensione a denti di sega, sovrapposta alla 
tensione per la quale il klystron eroga la frequenza centrale della riga. La 
variazione della frequenza del klystron prodotta da questa tensione (tensione 
di sweep) può essere dell’ordine di circa 50 MHz. L’uscita del cristallo rive- 
latore, convenientemente amplificata, può essere direttamente applicata alle 
placche di deviazione verticale di un oscillografo catodico, mentre alle placche 
di deviazione orizzontale può essere applicata la tensione usata per la modu- 
lazione in frequenza del klystron in modo da ottenere Vasse dei tempi. La 
rappresentazione oscillografica dell’uscita del cristallo in opportune condizioni 
di funzionamento dà una rappresentazione della potenza emergente dal gas, 
e quindi anche della riga di assorbimento. 1 

Infatti per potenze dell’ordine del microwatt, usate nella spettroscopia, il 
cristallo funziona da rivelatore quadratico, inoltre se la polarizzazione base 
del repeller del klystron è tale da far oscillare il klystron nella regione centrale 
del modo, la frequenza erogata dal klystron varia linearmente con la tensione 
del repeller. Allora la rappresentazione oscillografica della tensione ai capi del 
cristallo in funzione della tensione del repeller dà la rappresentazione della 
potenza trasmessa dal gas in funzione della frequenza. 

Un simile apparato, corredato delle convenienti strutture a microonde 
(attenuatori, ondametri ecc.) costituisce il tipo più semplice ed elementare di 
spettrografo per microonde. 
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Le limitazioni di tali spettrografi sono assai notevoli. Essi sono adatti per 
osservazione di righe di assorbimento solo quando esso è forte, cioè determina 
una riduzione della potenza di almeno il 0.1%. Inoltre il rumore di fondo è 
notevole. 

Un miglioramento considerevole nel rapporto segnale disturbo si ottiene 
sovrapponendo alla tensione a denti di sega una tensione a media frequenza 
(per esempio, dell’ordine di 100 kHz) di ampiezza molto piccola, e facendo 
seguire al cristallo rivelatore un amplificatore accordato su tale media fre- 
quenza, un secondo rivelatore, un ulteriore amplificatore video e finalmente 
l’oscillografo. 

Se l'ampiezza della tensione a media frequenza è molto piccola in con- 
fronto con quella della tensione a denti di sega, e la frequenza di quest’ultima 
è molto minore della media frequenza, si può ritenere che, per la prima ten- 
sione, la frequenza erogata dal klystron vari rapidamente (100 kHz) in un 
piccolo intervallo intorno ad un valore centrale, che, lentamente e periodica- 
mente, si sposta per effetto della tensione a denti di sega. Ne segue che ai 
capi del cristallo rivelatore, che riceve la potenza trasmessa dal gas, sarà pre- 
sente una tensione alternata, di frequenza pari alla media frequenza e di am- 
piezza proporzionale alla variazione della potenza trasmessa dal gas nel pic- 
colo intervallo sopra accennato. Pertanto l'ampiezza della tensione a media 
frequenza ai capi del cristallo rappresenta, con approssimazione tanto migliore 
quanto più piccola è l'ampiezza della tensione a media frequenza applicata al 
repeller del klystron, il valore assoluto della derivata della potenza trasmessa 
in funzione della frequenza. Per la presenza dell’oscillatore accordato sulla 
frequenza intermedia, solo le componenti di rumore prossime a tale frequenza 
(nell’esempio 100000 Hz) sono amplificate, da cui consegue il notevole miglio- 
ramento del rapporto segnale disturbo. 

La modulazione a frequenza intermedia può essere ottenuta, invece che 
applicando al repulsore del klystron una tensione di pari frequenza, in altro 
modo, per esempio per effetto Stark. Infatti se un campo elettrico è applicato 
ad una molecola polare, esso sposta le frequenze di assorbimento; pertanto se a 
un certo istante la frequenza erogata dal klystron coincide con la frequenza del 
picco di assorbimento di una riga, l'applicazione al gas di un campo elettrico 
fa decrescere l'assorbimento. Se il campo elettrico è variabile a frequenza inter- 
media, ne conseguirà la modulazione desiderata. Un simile sistema non è appli- 
cabile all’ossigeno, la cui molecola non è polare. 

Nel caso di molecole paramagnetiche si può invece ricorrere all'effetto 
Zeeman, sottoponendo il gas ad un campo magnetico variabile, come diremo 
in seguito. Una simile disposizione può essere adottata per la molecola di 
ossigeno. 

i Molti altri tipi di spettrografi a microonde sono stati attuati, per i quali 
rimandiamo alla letteratura. Vogliamo qui piuttosto interessarci alla inter- 
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pretazione delle rappresentazioni che in generale vengono da essi fornite. 

Quando la riga di assorbimento è sufficientemente sottile (circa 1 MHz) e 
intensa, la forma può essere osservata direttamente sulla rappresentazione 
oscillografica fornita dal più semplice tipo di spettrografo di cui sopra abbiamo 
fatto cenno. Occorre naturalmente che la rappresentazione oscillografica sia 
fedele. Non debbono quindi intervenire distorsioni per effetto della velocità 
della tensione a denti di sega, della banda degli amplificatori ece. Ammesso 
che la rappresentazione sia fedele, in una prima approssimazione, quando le 
righe sono molto sottili, la larghezza della riga 2Av può essere determinata in 
base alla distanza in frequenza fra i punti di flesso della riga stessa. Se questa 
è 20r, si può dimostrare che è approssimativamente 2Ay = 1/3-26y. Con mi- 
gliore approssimazione scritta la formula di Van Vleck nella forma sempli- 
ficata x = a,(Av/((v — y,)2 + Av?)), ove a è una costante le cui dimensioni sono 
(s cm)-1, è: 

il 
16/30» 


DI 


(2,0)? ) 


Av = V36v— tal 4 


ove / è la lunghezza della cella che contiene il gas. 

Il riconoscimento dei punti di flesso sulla rappresentazione della curva di 
assorbimento non è cosa agevole. Molto più comoda è la determinazione dei 
punti di flesso quando lo spettrografo è a doppia modulazione e quindi for- 
nisce la rappresentazione del modulo della derivata della curva di assorbi- 
mento, che naturalmente, anche in questo caso dovrà essere fedele. 

Per quanto riguarda la fedeltà della rappresentazione occorre prendere in 
considerazione l'ampiezza e la frequenza di sweep, in relazione alla larghezza 
della riga. Se tali grandezze sono eccessive, la rappresentazione risulta distorta: 
tali distorsioni sono state studiate [31] e sono state riconosciute le condizioni 
sotto le quali esse possono considerarsi trascurabili. 

Un notevole miglioramento del rapporto segnale disturbo si ottiene se in 
luogo del secondo rivelatore di tipo comune, che rileva il modulo della deri- 
vata della curva di assorbimento, si fa uso di un rivelatore sensibile alla fase 
(lock-in detector), con il quale si ottiene la rappresentazione della stessa deri- 
vata in grandezza e segno e la banda passante risulta estremamente ridotta. 

La separazione Zeeman delle righe dell’ossigeno è stata ultimamente stu- 
diata da Hr. e Gorpy [32], da HENRY [33] e da TINKHAM e STRANDBERG [34]. 
Uno spettrografo Zeeman per l'ossigeno consiste essenzialmente in un genera- 
tore a klystron, seguito eventualmente da un dispositivo per la moltiplicazione 
di frequenza; la cella è costituita da uno spezzone di guida d’onda, circondato 
da un solenoide per generare il campo magnetico. Lo spezzone è conveniente- 
mente tagliato per l'eliminazione delle correnti parassite conseguenti alle varia- 
zioni del campo magnetico. Variando la corrente nel solenoide, il campo magne- 
tico, orientato nella direzione dell’asse della guida, provoca la separazione di 
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livelli rotazionali. Si ottengono così le righe Zeemann, la cui separazione di- 
pende dalla intensità del campo. Poichè tale separazione è indipendente dal 
verso del campo, le righe vengono modulate ad una frequenza doppia di quella 
del campo; per evitare ciò ed ottenere una modulazione della stessa frequenza f, 
del campo, basta che la componente della corrente alternativa che lo genera 
sia sovrapposta ad una componente continua di conveniente intensità, in modo 
che la legge di variazione del campo sia [35] della forma 14cos 2f,t. Inoltre, 
poichè i detti campi magnetici sono dello stesso ordine del campo magnetico 
terrestre (ordine del gauss), è necessario compensare l’effetto Zeemann pro- 
dotto da quest’ultimo. La compensazione si ottiene orientando l’asse della 
cella e del solenoide nella direzione del campo magnetico terrestre e introdu- 
cendo nel solenoide una opportuna corrente. 

Generalmente la rivelazione è fatta con un rivelatore sensibile alla fase, 
con segnale di riferimento alla stessa frequenza del campo, e con banda pas- 
sante di circa 1 Hz, e quindi con minimo rumore di fondo. La frequenza inter- 
media, cioè la frequenza del campo magnetico è generalmente bassa, circa 
4000 Hz; pertanto occorre che la frequenza della tensione a denti di sega sia 
molto bassa, ciò che esclude la possibilità dell'impiego di oscillografi catodici 
e impone l'adozione di registratori meccanici. 

Le curve che si ottengono con questo tipo di modulazione sono la derivata 
seconda della curva di assorbimento [36]. i 

Fin qui si è supposto che il campo magnetico sia molto debole, dell’ordine 
del gauss, tanto che si rende necessaria la compensazione del campo magne- 
tico terrestre. Esistono tuttavia disposizioni in cui si è fatto uso di campi 
magnetici molto intensi; tanto intensi che le frequenze di risonanza para- 
magnetiche (ZHHMAN) risultano molto inferiori delle frequenze normali di 
assorbimento, in assenza del campo [37]. 

Una tecnica assai diversa è stata recentemente messa a punto da ARTMANN 
e GORDON [29], che hanno eseguito determinazioni sull’ossigeno sia a bassa 
sia ad alta pressione. Essi hanno fatto uso del metodo così detto a cavità non 
accordata, che è adatto per misure di allargamento e di intensità assoluta. Pur- 
troppo la precisione di tale disposizione non sembra sufficiente per eliminare 
le discrepanze fra teoria ed esperienza tuttora in discussione. 

Le microonde sono introdotte, in questo tipo di spettrografo, in una cavità 
di grandissime dimensioni in confronto con la lunghezza d’onda, così che gran 
numero di modi possono essere contemporaneamente presenti. Un ventilatore, 
nell’interno della cavità funziona da mescolatore di modi, in quanto le sue pale, 
agitandosi, mutano continuamente le condizioni al contorno. La radiazione 
viene modulata in ampiezza a bassa frequenza (20 Hz) tramite un attenuatore 
IRORRO da un motore. Nella cavità è disposta una catena di bolometri, la cui 
risposta risulta modulata alla stessa frequenza; la risposta stessa viene inviata 
ad un amplificatore accordato ad alto guadagno e a banda stretta; l'uscita 


SPETTROSCOPIA MOLECOLARE DELL'OSSIGENO PER MEZZO DI MICROONDE 1607 


di tale amplificatore viene infine rettificata e misurata con un convenzionale 
dispositivo a potenziometro. Le misure vengono così ottenute per punti, ma 
è possibile l’impiego di dispositivi registratori. 

Le osservazioni da ARTMANN e GORDON sono state compiute per pressioni 
comprese fra 2 e 10 mm,,; il parametro di allargamento Ay/P e l'intensità di 
picco risultarono indipendenti dalla pressione, ciò che conferma che Vallar- 
gamento è essenzialmente dovuto agli urti. L'andamento delle righe di assor- 
bimento fu trovato entro i limiti degli errori sperimentali conforme alla for- 
mula di Van Vleck-Weisskopf. Col medesimo metodo fu determinato anche 
l’assorbimento dell’ossigeno in aria secca e alla temperatura ambiente alle 
pressioni di } e 3 atmosfera, al fine di determinare se l’assorbimento ad alta 
pressione, possa essere determinato in base alle misure compiute a bassa pres- 
sione. Anche in questo caso l'incertezza sperimentale è stata maggiore degli 
errori probabili statistici. 

Nonostante dunque l'alto livello del lavoro compiuto in questi ultimi tempi, 
le questioni indicate non sono ancora chiarite. Come già detto presso il Centro 
Microonde ci si sta attrezzando per tali ricerche (in relazione ad un contratto 
sollecitato dalle Forze Aeree Americane). Con la collaborazione dell’Istituto di 
Fisica dell’Università di Pisa (dott. Gozzini) è stata elaborata una nuova 
tecnica per le misure ad alta pressione, che sono le più discusse, mentre al 
Centro è attualmente quasi pronto uno spettrografo a doppia modulazione per 
l'ossigeno. 

Tale tecnica permette lo studio della dispersione e dell’assorbimento dell’!O,, 
in funzione della pressione, fino a pressioni dell'ordine di una atmosfera, ed 
in un intervallo assai vasto di frequenze. 

Si determina, ad una pressione prefissata, la differenza del coefficiente di 
assorbimento e dell’indice di rifrazione a due frequenze diverse, confrontando 
direttamente la variazione prodotta dal gas del Y e delle frequenze di riso- 
nanza di due cavità, risonanti a frequenze diverse [38]. 
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